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Near-Infrared (NIR) materials are of great interests to physicists, chemists and biologists in 
various areas of electronics, optical communications, bio-imaging, military defense, night 
vision and thermal therapy. Currently, most of the commercially available NIR materials are 
based on inorganic materials such as lead sulfide (PbS), tungsten oxide (WO3), lead selenide 
(PbSe) and indium gallium arsenide (InGaAs). These inorganic NIR materials exhibit good 
stability and NIR device performance, which are widely used in sensors and photodetectors. 
However, the applications of inorganic NIR materials are limited due to the high cost and 
small scale production associated with the fabrication method, for example, molecular beam 
epitaxy (MBE). In addition, precursors for some inorganic materials contain lead which is 
toxic and should be replaced by other environmentally friendly materials. In order to offset 
the disadvantages of inorganic NIR responsive materials, organic π-conjugated materials are 
receiving more and more attention. Compared with their inorganic counterparts, organic 
materials can potentially be produced on a large scale at low cost and exhibit various 
properties via easy modification of functional groups. A plethora of organic conjugated 
materials have been synthesized and some of them show outstanding NIR responsive device 
performance. Although many “molecular engineering” strategies of achieving low bandgap 
chromophores with NIR absorption are proposed, the maximum absorption of these 
chromophores is normally less than 1000 nm. Therefore, functional groups of these 
chromophores are hardly responsive in NIR region, which inhibits their NIR applications. In 
addition, some NIR chromophores like phthalocyanine derivatives, porphyrins, squaraines, 
and other aromatic dyes have been synthesized but their structural complexity is generally 
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corresponding to tedious organic synthesis. Therefore, organic NIR responsive chromophores 
with good stability, solution-processability, facile synthesis and NIR absorption over 1000 nm 
are extremely desirable. Detailed literature review on NIR responsive materials is given in 
Chapter 1.        
In research, a series of azulene/cyclopentadithiophene-based chromophores with promising 
NIR properties and high stability in both solution and solid states were developed. Azulene, 
an ‘‘aromatic chameleon’’, can exhibit interesting optical and physical properties due to its 
unusual structural and electronic properties. Azulene could be theoretically considered as a 6π 
electron cyclopentadienyl anion fused by a 6π electron tropylium cation. 1/3 position of 
azulene is basic enough to protonate in organic acids such as trifluoroacetic acid (TFA). 
Protonation is shown to change the overall physical properties of azulene such as alteration of 
electrical conductivity and “switching on” of the fluorescence. In Chapter 2, a series of 
azulene-containing polymers substituted with different alkyl chains are reported. The neutral 
polymers exhibit absorption around 380 nm. Significant phenomena are observed when the 
polymer is treated with TFA. Protonated polymers show intensified NIR absorption with the 
maxima at 1500 nm. The NIR absorption band increases with increased TFA concentration, 
accompanied by the bleaching of π-π* transition. The spectral change becomes less 
significant when the TFA concentration reaches 30 %, indicating the acidic saturation. The 
protonation process in solution and film are reversible. Upon the treatment of triethylamine 
(TEA), the spectrum is shown to recover back to the original state of neutral polymer. More 
importantly, the protonated species are stable and do not show any spectral change in a sealed 
cuvette. The theoretical study reveals that the narrow bandgap and NIR absorption are 
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assigned to the intramolecular charge transfer (ICT). In addition, the electrochromic behavior 
of polymers is studied. Compared with neutral polymers, polymers in acidic electrolyte show 
enhanced stability and higher electrochromic contrast. The enhanced electrochromic 
performance of protonated polymers is shown to be generated by stabilization of the 
protonation induced polarons during electrochemical oxidation. Therefore, NIR absorption 
over 1000 nm could be easily obtained through the facile polymer synthesis and simple 
protonation process.  
A series of novel azulene-containing polymers have been designed and synthesized via the 
careful polymer chain structure design to further extend the absorption and cover the whole 
NIR range (Chapter 3). These polymers are synthesized via Stille Coupling or Suzuki 
Coupling and constructed on common conjugated monomers: alkyl-thiophene, 
alkoxy-thiophene, benzene derivative, benzodithiophene (BDT) and benzothiadiazole (BT). 
These neutral polymers show absorption maxima in the range of 400 to 550 nm. Upon the 
addition of TFA, all these polymers show very broad and strong NIR absorption up to 2.5 μm, 
which is the longest reported range of NIR absorption. Similarly, these protonated polymers 
all exhibit increased electrochromic contrast in comparison with the neutral polymers. In 
addition, these polymers show easy film-forming properties, excellent electrochemical 
stability and good thermal stability, making them become promising materials for fabricating 
novel organic-based NIR devices.  
Based on the study of azulene-based polymers, both protonation and electrochemical 
doping can lead to desired NIR absorption. Furthermore, chemical oxidation via adding 
peroxide and TFA synergistically into polymer solution can also induce distinct NIR 
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absorption. However, the difference in the mechanism of protonation, chemical oxidation and 
electrochemical oxidation are not illustrated in a single system. In Chapter 4, a series of 
azulene-based polymers which are processed via protonation, chemical oxidation and 
electrochemical oxidation are designed. Spectral study, electron-spinning resonance (ESR) 
and density functional theory (DFT) calculation suggest that NIR absorption for protonation, 
chemical oxidation and electrochemical oxidation are attributed to the intramolecular charge 
transfer (ICT), polaron formation via peroxide oxidation and generation of polaron / polaron 
pairs, respectively. NIR absorption generated by protonation, chemical oxidation and 
electrochemical oxidation are quite outstanding and different from each other. More 
importantly, NIR absorption could be selectively controlled via adopting different strategies. 
This is the first time that mechanisms of NIR absorption generated by different methods are 
elaborated in a single system.  
During the photophysical study of BT-azulene based polymer in Chapter 3, an interesting 
phenomenon, which is different from the predication of structure design, is found. Hence, in 
Chapter 5, in order to clarify the phenomenon, a series of azulene and BT/BDT-containing 
molecules are synthesized. Upon the systematical spectral and theoretic study, the interchange 
between acceptor (BT) and donor (azulene) roles after protonation is observed. Upon the 
addition of TFA, the protonated azulene becomes a powerful electron-acceptor, while 
previous electron-acceptor BT now acts as a weak electron-donor or π-spacer. After 
protonation, the interchange between acceptor and donor function offers an alternative yet 
effective way to finely tune photophysical and electronic performance of NIR molecules. 
On the basis of previous research, NIR absorption is closely related to the donor-acceptor 
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(D-A) interaction and charge separation. Several different TFA-sensitive units (azulene and 
pyridal[2,1,3]thiadiazole (PT)) are incorporated into cyclopentadithiophene (CPDT) 
contained chromophores to study the ICT effect and the resulting NIR absorption when 
different units are protonated (Chapter 6). Through this study, the bandgap of chromophores 
could be progressively tuned via selective doping. The preferable protonation site is also 
found to be determined by the proton affinity of monomers (PT>CPDT>azulene), thus, PT 
will be initially protonated in chromophores containing PT, CPDT and azulene when TFA 
concentration is extremely low. Similarly, CPDT will be protonated first in CPDT and 
azulene contained chromophores. Variation in preferable protonation site in chromophores 
leads to distinct NIR absorption behavior. ICT and the resulting NIR absorption could then be 
controlled via selective doping process, which provides a guide to adjustable NIR absorption 
and potential application in organic electronics.  
Research of selective doping in Chapter 6 uncovers that CPDT could also be protonated 
via TFA. Similar to the 1/3 position of azulene, α-position of CPDT is electron-rich and basic 
enough to be protonated. Photophysical study, NMR spectroscopy and DFT all confirm and 
explain the protonation process of CPDT-based monomers and polymers. In Chapter 7, the 
protonation of CPDT-based polymers is firstly reported and can be applied in a plethora of 
CPDT-based organic electronics. For example, the controlled doping in thin-film transistors 
for polymers containing CPDT is studied. This CPDT-based polymer exhibits a new type of 
OFET, which can be switched simultaneously via using two different inputs: electrical bias 
and protonation. Here, a new aspect for those CPDT-based chromophores and futuristic 
devices is revealed. 
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In conclusion, a series of azulene or CPDT contained chromophores showing outstanding 
NIR absorption and extremely low bandgap with excellent device performance upon 
protonation is reported. Such strategy provides a facile way of achieving NIR absorption and 
potential applications such as NIR photodetectors and OFETs. Other CPDT or azulene-based 
systems and promising applications will be addressed in the Conclusions and Outlook 
Chapter in details. 
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Figure S6.2 Upper: Simplified monomer S1 for DFT calculation; bottom: Optimized 
structures of frontier molecular orbitals for model compounds S1 in their neutral and 
protonated states. 
Figure S6.3 Upper: Simplified monomer S2 for DFT calculation; bottom: Optimized 
structures of frontier molecular orbitals for model compounds S2 in their neutral and 
protonated states. 
Figure S6.4 Upper: Simplified monomer S3 for DFT calculation; bottom: Optimized 
structures of frontier molecular orbitals for model compounds S3 in their neutral and 
protonated states. 
Figure S7.1 Optimized structures of frontier molecular orbitals (HOMO-1 and LUMO+1) for 
model compounds M1 in their neutral and protonated states. 
 
LIST OF ABBREVIATIONS AND SYMBOLS 
 
THF    tetrahydrofuran 
CHCl3   chloroform 
CH2Cl2  dichloromethane 
HOAC   acetic acid 
ITO     indium tin oxide 
ACN    acetonitrile 
NIR     near infrared 
Td      decomposition temperature 
Tg      glass transition temperature 
D       donor 
A       acceptor 
BT      benzothiadiazole 
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PT      pyridalthiadiazole 
CPDT    cyclopentadithiphene  
BDT     benzo[1,2-b:4,5-b’]dithiophene 
GPC     gel permeation chromatography  
HOMO   highest occupied molecular orbital 
LUMO   lowest occupied molecular orbital 
DFT     density functional theory 

















Chapter 1 Introduction 
Infrared light is electromagnetic radiation, which is classified by wavelength: near infrared 
(750-2500 nm), mid infrared (3-50 μm) and far infrared (50-1000 μm). Infrared light is 
extensively used in civilian and military areas such as tracking, night vision, thermography, 
communication, spectroscopy and medicine. NIR is extensively studied in research, which 
has many applications in the area of NIR materials and devices due to specific absorptive and 
emissive properties.
[1]
 Nowadays, more and more novel NIR materials are developed with 
good performance such as good stability, wide NIR absorption or good 
solution-processability.  
In this Chapter, the background information of NIR absorbing materials and related 
applications will be reviewed in details. 
1.1 Literature Review 
1.1.1 Near Infrared Absorbing Materials 
NIR materials can be defined as materials that have interactions with NIR light through 
absorption and reflection, and have emission under external stimulation such as electric field, 
photoexcitation, etc.
[2]
 NIR materials are in great demand for many applications such as 
bio-imaging, defense, NIR photodetectors and sensors, energy and thermal therapy. Among 
those NIR materials, materials with NIR absorption are of great priority to research, which are 
widely used in military and civilian areas.  
A brief introduction on NIR absorbing materials can be roughly divided into two groups: 
inorganic NIR absorbing materials such as metal oxides, rare earth elements based materials 
and semiconductor nanocrystals; and organic conjugated chromophores with NIR absorption 
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obtained via extended conjugation length, D-A structure and doping. 
1.1.1.1 Inorganic NIR Absorbing Materials 
Over the past few decades, inorganic NIR absorbing materials such as metal oxides, 
semiconductor nanocrystals (NCs)/microcrystals/quantum dots (QDs), metal complexs and 
rare earth elements based materials (for example rare earth elements doped glasses) are 
extensively studied. Such inorganic NIR materials, especially semiconductor NCs, have been 
widely developed, optimized and applied with applications such as light emitting devices 
(LEDs), lasers, modulaters, photodetectors, sensors and optical sources.
[3]
 Some of these 
applications have been used commercially and applied into devices. For example, indium 
phosphide (InP), gallium aluminum arsenide (GaAlAs) are used for optical recording 
technology and light source, respectively.
[1a]
 Moreover, lead sulfide (PbS) and indium gallium 
arsenide (InGaAs) are now widely applied as the photodetector for use in UV-Vis-NIR 
spectrometer. These photodetectors are quite outstanding due their great performance of high 
accuracy, good stability, minimal noise and stray light, which has attracted enormous interests 
from scientists and companies. 
a) Metal Oxides 
Metal oxides are widely used inorganic NIR absorbing materials. Tungsten oxide (WO3-δ) 
nanoparticles are known to have intense visible and NIR absorption. Manthiram and his 
co-workers synthesized WO2.83 nanorods by injecting tungsten ethoxide into oleic acid and 
trioctyamine mixture at 315 C. This tungsten oxide shows intense NIR absorption with 
absorption maxima at 900 nm and tunable localized surface plasmon resonance.
[4]
 Brunold 
found that ferrate (VI) doped crystals of K2MO4 (M = S, Se, Cr, Mo) could also show NIR 
 19 
 











 Another instance is iron oxide with gold as shell, which shows dual optical and 
magnetic properties. IO-Au NPs absorb strongly in the NIR region (700-900 nm) with 
bimodal surface plasmon resonance maxima at 570 and 800 nm through the formation of 
uniform pin-shaped iron oxide-Au (IO-Au) nanoparticles (NPs).
[6]
  
In addition, metal oxides doped glassed have also been studied because of their imposing 
physical properties and applications, for example, planar solar converters and concentrators 
for efficient photo- and photothermovoltaic (PTV) cells. For example, Bi2O3 doped glass 
(GeO2 and Al2O3) shows five absorption bands (at 320, 505, 700, 800 and 1000 nm).
[7]
 
Another type of doped inorganic materials is indium/gallium doped ZnO NPs.
[8]
 A wide band 
gap of 3.37 eV and absorption band at about 360–380 nm can be found for the n-type pure 
ZnO semiconductor.
[9]
 Doping of indium causes the appearance of absorbance in the NIR 
range; the influence of n-doping due to the presence of indium can clearly be seen by the 
strong NIR absorption occurring in the range from 900 to 2000 nm, caused by the presence of 
free carrier in the materials. These, and similar semiconductor materials are widely used to 




b) Rare Earth Elements Contained Materials 
Rare earth doped glasses are a very important class of photonic and optoelectronic 
materials because of several inherent advantages over their crystalline competitors. Their 
photonic applications are applied to fluorescence upconversion, laser emission, laser printing, 
biotechnology and amplification. The optical and physical properties of rare earth ions in 
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optical glasses strongly depend on chemical composition of the host.  
Karmakar and coworkers studied the UV–vis–NIR absorption, FT-IRRS and green 
upconversion fluorescence properties by exciting at 979 nm at room temperature (RT) in an 
Er
3+
 ion doped PbO (72.5 wt.%) containing lead silicate glass. Twelve absorption bands from 











 ion doped glass can also be used for laser, light amplifier and light 
up-convertors. Silica telecommunication fibers possess a low-loss window in the wavelength 
region ranging from 1290 to 1320 nm. Pr
3+
 ion is regarded as a promising fiber amplifier in 
this region and made into glasses ((GeS2)80-x·(Ga2S3)20.xPrCI3, x= 1,2,3). The doping of the 






 doped glasses are also of great interests for efficient lasers with tunable laser emission 
and ultra-short pulses. Absorption band (900–1000 nm) for such glasses is suitable for 
pumping with InGaAs laser diodes. Different concentrations of Yb2O3 in the ternary lead 
bismuth gallium composition (46.0PbO–42.0Bi2O3–12.0Ga2O3 (wt.%)) or BPG are studied. 
The obtained Yb
3+ 
doped BPG exhibits the absorption peak wavelength (978 nm) and the two 
weaker absorptions with maxima at 920 and 950 nm relating to the energy transition from the 
ground state 
2




, that splits into three levels in glasses.
[13]
 At 
the same time, compositional dependence of fluorescence and absorption of Yb
3+
 in oxide 
glasses have been researched by a Japanese group. Silicate, phosphate, borate, germanate, 
aluminate and fluoride ZBLAN host glasses doped with Yb
3+
 were examined for 
compositional dependences of the integrated absorption cross section, the stimulated emission 
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cross section and the spontaneous emission probability, respectively. These glasses all show 





 in B2O3–PbO–Al2O3–WO3 glasses were studied. The doped glasses 
show inhomogeneously broadened absorbing lines characteristic for 4f
3–4f3 transitions of 
trivalent neodymium, which are located in the 400–950 nm spectral region. In addition, lead 
germanate glass doped with rare-earth ions (Ln = Pr
3+–Yb3+) were systematically investigated 
for the spectroscopic properties and thermal stability. Glass samples containing 2 mol% of 
rare earth ions all show absorption in both UV-vis and NIR regions.
[14]
 
c) Semiconductor Nanocrystals/Quantum Dots (QDs) 
Over the past decades, nanocrystals (NCs) have become one of the frontier materials in 
nanoscience and nanotechnology. Tremendous efforts have been made to synthesize NCs and 
optimize the synthesis of semiconductor NCs. Such “QDs” materials, exhibiting 
three-dimensional (3-D) confinement, which differ greatly from the corresponding molecular 
and bulk materials, are extremely desirable for their optical properties.
[15]
 Quantum 
confinement in NCs can lead to tunable blue shift in both absorptive and emissive spectra 
with decreasing crystal size. Development in the NCs have enabled a wide range of new 





 light-emitting diodes (LEDs)
[3d, 3h]
 and other 
optoelectronic devices.
[3c, 17]





 and gas phase synthesis,
[20]
 as well as glass host 
fabrication
[21]
 and polymer film.
[22]
  
Lead chalcogenide NCs and derivatives (PbS, PbSe, and PbTe) are intensively studied due 
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to fascinating optical properties. Lead sulfide (PbS) is an important group IV-VI 
semiconductor. Until now, many PbS nanostructures with various morphologies have been 
reported. Scholes and coworkers reported colloidal PbS NCs with size-tunable NIR 
absorption from 800-1800 nm.
[23]
 In addition, NIR absorptive PbS has been obtained in 
larger-size, which has been rarely observed in previous cases. With the increased particle size 
of PbS colloidal NC clusters (155-240 nm), maximum absorption up to 818 nm was 
obtained.
[24]
 Furthermore, symmetric hierarchical hollow PbS microcrystals synthesized 
solvothermal process exhibit NIR absorption peaks at 1040 and 1477 nm, which correspond 
to transitions into high-energy bands rather than excitonic transitions.
[25]
 The absorption 
maxima of such microcrystals is blue shifted compared with the bulk PbS (~3020 nm). There 
is a large research interest in colloidally grown PbSe NCs. Such NCs all exhibit NIR 
absorption in the range of 1000 to 2500 nm with narrow particle size distribution from 2.6 to 
9.5 nm.
[26]
 Trioctylphosphine (TOP) capped PbSe pyramidal NCs was reported, which enables 
NPs with perfect morphology as well as well-defined spatial separation. The resulting NCs 
show the maximum absorption at 2350 nm with the size of particles in the range of 15-23 
nm.
[27]
 Core/shell NCs were also developed in order to achieve NCs for certain applications. 
Indium Arsenide-Zinc Selenide core/shell NCs (size: 82-121 nm) show absorption peaks 
between 726 and 771 nm and emissive bands between 749 and 812.
[28]
 Zhang also 
demonstrated CuInSe2/CuInS2 core/shell nanowire bundles with broad absorption bands in the 
range of 800-1300 nm.
[29]
 
d) Metal Complexes 








inorganic semiconductors. Planar phthalocyanines (Pc) incorporating divalent central metals, 
such as Cu, Zn, Ni, Fe, and Co are the most frequently used donor materials because of their 
high absorption coefficients, excellent chemical stability and flexibility for chemical 
modification among small-molecular weight semiconductors.
[30]
 These planar Pcs all exhibit a 
similar spectrum with characteristic Q-band peak between 500 and 750 nm.
[31]
 In order to 
broaden the Q-band spectrum toward the NIR, nonplanar Pcs such as lead phthalocyanine 
(PbPc) are studied to obtain photodetectors and photovoltaic (PV) cells with improved 
performance (Scheme 1.1).
[32]
 The maximum absorption for PbPc in thin film state ranges 
from 760 to 930 nm.
[30, 33]
 Tin phthalocyanine (SnPc), an analogy of PbPc, extends 
absorbance into the NIR, with significant absorption up to 1000 nm and a bathochromic shift 
of 120 nm when compared with CuPc.
[34]
 Tessler developed efficient NIR polymer 
nanocrystal LEDs via incorporating InAs/ZnSe core/shell NCs with MEHPPV or F6BT. The 
absorption of complex is actually the synergistic effect of the two species. Quantum-confined 
transitions of the NCs result in absorption over 800 nm. Below 600 nm, the conjugated 
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polymer backbone contributes. Meanwhile, the electrical and photophysical behavior of the 
resulted LEDs are varied by tailoring the fraction of such NCs in the thin film.
[3c]
 Gold (Au) 
NPs with diverse morphologies are the most popular photo-thermal agents because such 
species own strong optical adsorption in the red and NIR regions, which are adjustable 
through optimal morphology optimization and controlled self-assembly.
[35]
 Here, Au Ncs with 
polypyrrole (PPy) thin shells is used as an example.
[36]
 A red shift around 100 nm, which 
resulted from the altered localized electric field distribution of urchin-like Au via PPy shell, is 
obtained when Au Ncs transfer into PPy-coated Au NPs.
[37-41]
  
1.1.1.2 Organic NIR Absorbing Materials 
π-conjugated systems have attracted much attention as futuristic materials with great 









 nonlinear optical (NLO) devices,
[46]
 
electrochromic or smart windows and sensors.
[47]
 Theoretically, organic electronics are quite 
different from conventional inorganic electronics because the structural versatility of organic 
semiconductors allows for incorporating functionality by careful molecular design. Such 
versatility has resulted in a new era in the design of electronic devices. In addition, the main 
advantage of organic chromophores over their inorganic counterparts is that they can be 
solution-processed to obtain light-weight films, allowing for large scale and low-cost 
production for a range of electronic devices.
[48]
 Though enormous π-conjugated chromophores 
have been synthesized, these chromophores with absorption over 1000 nm are quite limited 
because few organic functional groups are responsive in the NIR region. Until the early 





 were synthesized. Since, then other NIR polymethine dyes have emerged 
gradually.
[1a]
 The concept of “band gap engineering” (tuning the complicated interplay 
between the varied optical phenomena happening across the electromagnetic spectrum and 
molecular physics) has prevailed in identifying useful design principles for π-conjugated 
chromophores. This “band gap engineering” has been studied by researchers both 
experimentally and theoretically. Generally, the band gap of conjugated compounds is 
determined by 5 factors: mean deviation from planarity, energy corresponding to bond length 
variation, aromatic energy of the cycle, the intramolecular coupling in the solid state and the 
mesomeric or inductive electronic effects of substitution.
[50]
 Therefore, various structural 
variables should be mastered to control the HOMO and LUMO levels. Various methods are 
designed to achieve low band-gap chromophores to realize the NIR absorption of conjugated 
chromophores. A common strategy to achieve low band-gap conjugated chromophores is to 
adopt D-A configuration. In the intervening years, D-A method has become an extensively 
applied method for synthesizing conjugated chromophores with small band-gap through 
exchanging D/A moieties for stronger or weaker ones.
[47a, 51]
 Conjugated length of 
chromophores also contributes to the band-gap; extended conjugation length can promote 










 are also used to achieve desired low band-gap chromophores. 
a) Donor-Acceptor (D-A) Approach 
  In the past decades, much effort has been made to understand and tune the electronic 
structure of conjugated compounds. First introduced in the early 1990’s by Havinga et al. in 
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macromolecular π-conjugated systems,[56] the combination of electron donor (high-lying 
 
 






HOMO) and electron acceptor (low-lying LUMO) is widely used in the structure design. A 
non-conjugated σ spacer or a conjugated π-spacer is used as the linkage between donor and 
acceptor. The D-A approach alternating electron-donating and electron-withdrawing moieties 




Table 1.1 Linear optical properties for tetrahydropyran-protected oligomer derivatives.
[46b]
 






) λmax em (nm) 
1 517 3 651 
2 533 3.3 690 
3 755 2.4 974 
4 564 3 692 
5 528 4.2 676 
6 786 2.1 1020 
7 546 2.7 686 
8 708 2.1 900 
9 585 2.2 725 
10 846 2.7 1088 
 
As an electron-acceptor, benzothiadiazole (BT) is one of the best moieties for induction of 
a narrow band-gap and is widely applied in organic electronics such as OPVs and OFETs. 
Ellinger and his co-workers synthesized a series of D-A-D conjugated oligomers based on 
electron-rich phenylene, thiophene, and 3,4-thylenedioxythiophene (EDOT) units as donors 
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along with electron-deficient BT or its derivative units as acceptors (Scheme 1.2).
[46b]
 The 
linear absorption, which ranges from 517 to 846 nm, is obtained via the control of strength of 
donor and acceptor. In comparison with thiophene, EDOT has stronger donor property. 
Replacing thiophene with EDOT leads to a red shift of absorption. Table 1.1 shows changing 
outer donor cycle of 1 to 7 results in the absorbance maxima red shift of 29 nm. Similarly, 
absorbance maxima red shift of 47 nm is obtained when inner donor cycle of 1 is changed to 
4, which could further enhance D-A interaction. In addition, acceptor also plays a vital role in 
narrowing the band-gap. For example, under the condition of same donors, absorbance 
maxima red shift of 222 nm is realized by replacing BT with bisbenzothiadiazole (4 to 6). 
BT and its derivatives based polymers have also been extensively studied as active 
materials in various electronic devices due to the electron-withdrawing ability of its 
heterocyclic group. One of the most studied structures is thiophene-BT based polymers. As 
shown in Scheme 1.3, P1 exhibits the high-wavelength peak at 575 nm with the absorption 
onset at 710 nm in thin film, which is significantly red-shifted in comparison with spectra in 
solution, suggesting the presence of more extensive intermolecular interactions and ordering 
in the solid state.
[57]
  Kawabata studied BT and thiophene or thiophene derivatives based 
polymers, which were synthesized via electrochemical polymerization.
[58]
 P6 shows a 
charge-transfer type absorption band at 580 nm (absorption onset of 860 nm) which is more 
red shifted than that those of P4 and P5, indicating that the bis(thienothiophene) is a strong 
donor than bifuran or bithiophene.  
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  In recent years, benzotrithiophenes (BTTs) have also been used effective donors for the 
coplanarity and extended conjugation length. Both P2 and P3 display broad absorption bands, 
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with maxima in solution at 547 and 645 nm, respectively.
[59]
 The absorption onset for both P2 
and P3 extends to 1000 nm due to extended conjugation length and strong D-A interaction. 
Polymers based on thiophene, 1,4-dialkoxylbenze as donors and the BT as an acceptor can 
also extend absorption over 750 nm.
[60]
 Because of the electron-rich, good hole mobility and 
coplanar nature of cyclopentadithiphene (CPDT) and benzo[1,2-b:4,5-b’]dithiophene (BDT), 
polymers based on CPDT/BDT are also of key interests to researchers due to the low 
band-gap and great device performance of these polymers. P11-P14 all exhibit distinguished 
optical spectrum with the absorption maxima in the range of 650 to 790 nm and absorption 
onset in the range of 800 -1100 nm in the solution.
[51a, 61]
 The interesting phenomenon of P12 
results from the formation of quinoid structure. The thienopyrazine (TPZ) is linked through 
the 5 and 7 positions on the five-membered ring, while BT is connected via 4 and 7 positions 
on the six-membered ring. The quinoid structure of TPZ in P12, which can form a more 
stable aromatic electron structure, leads to a smaller band-gap than that in P11. Because of the 
excellent electron-accepting strength of BT and its derivatives, the optical properties of BT 
derivatives contained polymers in nanoparticle state were studied. With increasing ratio of 
TPZ, the long-wavelength at 575 nm enhances significantly. After replacing the TPZ with a 
stronger electron acceptor bis(benzothiadiazole), the absorption peak is shifted to 850 nm 
with the onset around 1000 nm.  
  1,4-diketopyrrolo[3,4-c]-pyrrole or diketopyrrolopyrrole (DPP), as a strong 
electron-acceptor, has received considerable attention for the building a plethora of efficient 
organic electronics such as OTFTs, OPVs and OLEDs.
[62]
 These DPP building block based 
polymers can show mobility similar to or even higher than that of amorphous silicon.  
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Table 1.2 Physical properties for polymers containing DPP.
[62, 63]
 








EHOMO (eV) ELUMO (eV) 
P15 922 1000 944 1200 -5.4 -4.2 
P16 740 800 790 810 -5.35 -3.53 
P17 830 920 830 934 -5.30 -3.74 
P18 777 900 790 1000 -5.2 -4.0 
P19 700-715 745-861 729-800 810-875 -5.2 - 
P20 805/845 970/1015 805/800 1000/1015 -5.07/-4.91 -3.82/-3.65 
P21 812 900 795 920 -5.06 -3.68 
P22 751 800 752 816 -5.33 -3.57 
P23 780 940 852 1100 -5.42 -1.16 
P24 901 995 927 1159 -5.1 -3.9 
 
Currently, there are mainly four types of DPP based polymers: DPP homopolymers (P15), 
DPP copolymers with a non-fused electron donor moiety (P16-P20), DPP copolymers with a 
fused electron-donating moiety (P21-P23) and DPP copolymers containing an additional 
electron-withdrawing moiety (P24) (Scheme 1.4). As shown in Table 1.2, homopolymer of 
P15 shows very long absorption maxima at 922 and 944 nm (in the solution and solid states, 
respectively), indicating the extended conjugation length and strong intramolecular charge 
transfer. Bijleveld et al. synthesized DPP based copolymers with efficient performance as 
solar cells.
[63]
 Compared with P16, the maximum absorption P17 (solution) is red-shifted 
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about 90 nm, which results from the stronger intramolecular charge transfer via replacing 
phenyl unit with thiophene unit.
[64]











 selenophene and vinyl 
group
[70]
 all exhibit dual-band absorption with absorption maxima in the range of 700-950 nm. 







 and strong donor-dithienopyrrole
[74]
 can 
normally extend into NIR region over 900 nm. In addition, these polymers also own great 
OPVs and OTFTs performance such as good power conversion efficiency (PCE), high 
mobility, electron mobility or great ambipolar charge transfer.
[75]
 However, the maximum 
absorption of these DPP copolymers with fused electron donor moieties is significantly 
blue-shifted in comparison with P15, which is mostly attributed to the decreased 
intermolecular interactions (π-π stacking). Taking the P20 as an example, both absorption 
onset and maxima are shifted to the long wavelength when changing side chains of 
2-octyldodecyl to 6-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)hexyl. The chain replacement 
could enhance the dense packing and thus lead to bathochromic shift. The promising optical 
properties and device performance can be obtained via incorporation of DPP with another 
electron acceptor (BT or its derivatives). The resulting polymer show absorption over 900 nm, 
suggesting the efficient D-A-D interaction. Overall, DPP can act as a stronger 
electron-acceptor in D-A polymers and make the absorption of these polymers easily extend 
into NIR region, due to the synergistic effect of effective D-A interaction, strong ICT and 








As discussed before, DPP is one of the most popular amide/imide-based acceptors 
employed to date. Meanwhile, one of the latest reported amide-based acceptor for organic 
electronics is isoindigo (iI) which is an isomer of the well-known dye indigo (Scheme 1.5). 
The iI has been very successful as an electron-accepting building block for the electroactive 
materials for OPVs, OFETS, OLEDs and OECs. Moreover, the iI also owns other advantages: 
ease of synthesis in bulk quantities and many synthetic methods. Wang synthesized the P25 
(n=1) with the absorption onset of 760 nm and absorption maxima of 697 nm. The 
long-wavelength absorption indicates the strong ICT between thiophene and iI. A broad 
absorptive spectrum with bathochromic shift of absorption onset is observed for the P25 in 
thin film, indicating there are orderly π-π stacking and/or aggregations formed.[76] Other 
polymers containing thiophenes and iL show λonset ranging from 703 to 810 nm.
[77]
 Similar to 
DPP, bathochromic shift together with broader absorption can be obtained when changing iI 
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side chains of 2-octyldodecyl to 6-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)hexyl, suggesting 
the closer packing resulted from chain replacement. A series of BDT and iL based polymers 
and related applications were studied due to the coplanar and electron-rich properties of 
BDT.
[78]
 Taking the P26 for instance, the resulted polymer show λonset up to 806 nm, which is 
greatly red-shifted in comparison to fluorene/carbazole-il based polymers due to the reason 
that the electron-donating ability of BDT, which is stronger than fluorene/carbazole. Stalder 
synthesized Prodot and il based polymers, which own LUMO levels comparable to those DPP 
polymers. The effective D-A interaction between Prodot and iL leads to broad absorption 
from 300 to 850 nm.
[79]





 thienopyrroledione or DPP
[82]
 were obtained. These 
polymers exhibit maximum absorption from 464 (BT) to 837 nm (DPP). More strikingly, 
significant optical change is generated upon replacing the outer phenyl rings of iI with 
thiophenes to form thienopyrrolone units. The resulted thienopyrrolone-BT polymer display 
very long wavelength maxima around 1035 nm, which is attributed to the enhanced planarity 
and corresponding extended conjugation and closer intermolecular contacts. The bandgap of 
this polymer is also lower than similar DPP-BT/iI-BT based polymers.
[83]
 
As discussed above, similar to the properties of acceptors, the characteristics of donors 
are also very important to the chromophores and devices. Among the emerging classes of 
electroactive conjugated organic materials, fused thiophene derivatives such as 
cyclpentadithiophene (CPDT) have attracted much attention due to their semiconducting 
properties.
[84]
 CPDT and its derivatives show more extended conjugation in the ground state, 








increased degree of conjugation, closer intermolecular interactions and smaller 
HOMO-LUMO separation. In addition, CPDT is also easily functionalized at α and bridged 
positions. Upon polymerization with the acceptors, the CPDT contained polymers display 
maximum absorption in the range of 546 and 889 nm (Scheme 1.6 and Table 1.3).
[85]
 Among 
these polymers, P34 possesses the lowest bandgap of 1.24 eV, indicating the powerful 
electron-accepting ability of thieno[3,4-b]pyrazine. Generally, the stronger 




Table 1.3 Physical properties for polymers containing CPDT.
[85]
 








EHOMO (eV) ELUMO (eV) 
P29 660 771 673 809 -5.34 -3.6 
P30 704 800 701 821 -5.1 -3.38 
P31 489 550 518 561 -5.15 -2.5 
P32 546 631 546 659 -5.2 -3.44 
P33 569 670 582 708 -5.06 -3.46 
P34 889 1002 851(934) 1055 -5.01 -3.67 
 
absorption wavelength. Therefore, P31 with two donors exhibited the largest bandgap among 
these polymers. P30 and CPDT-BT copolymers show interesting phenomenon with respect 
to the optical properties. In THF, P30 displays wavelength absorption which is longer than 
CPDT-BT copolymer because the electronegativity of sulfur in BT is lower than that of 
oxygen in the benzoxadiazole. However, this trend is opposite in the thin film, which might 
result from the enhanced intermolecular interactions. The greater intermolecular interactions 
of CPDT-BT copolymer may result from the larger van der Waals radius of the sulfur atom 
(1.8 Å) in the BT over that of the oxygen atom in the benzoxadiazole (1.52 Å).
[61a]
 
  Similar to CPDT, indacenodithiophene (IDT) is also widely used as an electron-rich donor 
(Scheme 1.7). The nature of bridging atom not only influences the molecular packing, but 
also has an imposing effect of electronic properties (P35 and Table 1.4). C, Si and Ge based 





 Various IDT derivatives with a plethora of electron-acceptors were studied.
[87]
 The 
maximum absorption 750 nm is found for DPP-IDT polymers due to the strong ICT 
interaction and good planarity. In addition, these IDT copolymer all display good 
photovoltaic performance. 
 Scheme 1.7 D-A polymers containing indacenodithiophene (IDT).
[86, 87]
 
 b) Extension of Conjugated Length 
Another easy and representative way of tuning for -conjugated chromophores is to extend 
the conjugated length of the system, which produces an extended conjugation along long axis 
and promotes absorption in the NIR region. 
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Table 1.4 Physical properties for polymers containing IDT.
[86, 87]
 








EHOMO (eV) ELUMO (eV) 
P35-C 657 713 662 725 -5.3 -3.6 
P35-Si 614 675 636 690 -5.3 -3.5 
P35-Ge 630 782 645 712 -5.2 -3.5 
P36 584 640 585 680 -5.22 -2.97 
P37 608 720 615 750 -5.48 -3.83 
P38 617 675 581 684 -5.33 -3.52 
P39 644 740 644 744 -5.28 -3.61 
P40 650 745 680 765 -5.32 -3.7 
 
As shown in Scheme 1.8, 11a displays absorption maxima of 570 nm. Upon the treatment 
of ferric chloride for ring closure, N-annulated perylene-fused 
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 11b is formed with intensified maximum 
absorption at 670 nm together with a shoulder at 780 nm. This bathochromic shift is attributed 
to the larger delocalized π-system.[88] Similarly, a significant red shift of 272 nm is obtained 
for 12b after the ring closure of 12a.
[89]
 Mullen et al. studied a series of dicarboximide based 
chromophores: quaterrylenediimides 13a,
[90]
 pentarylenediimide 13b and hexarylenediimide 
13c.
[91]
 With increasing number of rylene groups, maximum absorption is shifted from 781 to 
953 nm. Bis(pyrrolopyrrole) cyanines 14 shows distinct absorption in the NIR range (λmax = 














the strongest ever reported for organic fluorophores and are twice as high as those of the 
previously reported rylene dyes.
[1b]
 Porphyrins and derivatives (15-18) have also been 
intensively studied due to their interesting physical properties. Red shifted absorption for 
bis-anthracene fused porphyrins 16b and 18 is achieved upon the process of anthracene 
porphyrins 16a and 17, respectively.
[92]
 Naphthalocyanines 15a and azulenocyanines 15b also 
display long wavelength absorption over 800 nm. In comparison with 15a, a significant red 
shift of 369 nm is observed for 15b because the azulene unit can act as an acceptor and lower 
the LUMO level.
[93]
 Strategies such as extension of conjugation and D-A structure are adopted 
together to optimize or lower the bandgap of chromophores. 
 
 
Figure 1.1 (a) Experimental adiabatic transition energies (E00) of oligothiophenes nT 
extrapolated to vacuum. Dashed line: linear fit. Dotted lines: 95% confidence bands. Solid 
line: Kuhn fit to the oligomer values according to equation. NMCC: maximum conducive 
chain length. For n>1, E00 was achieved by inset equation; (b) Experimental adiabatic 
transition energies E00 (F1 positions) of alkyl-substituted oligothiophenes nT up to the 48-mer 
in dichloromethane. Dashed line: linear fit. Solid line: Kuhn fit. N: the number of double 





The extended conjugation could enhance the degree of electron-delocalization and thus 
lower the band-gap. However, the bandgap of chromophores does not continue to change or 
decrease once the particular conjugation length is reached. This length is called “effective 
conjugation length -ECL”.[94] As shown in Figure 1.1, the bandgap of thiophene based 
polymers/oligomers does not change when the repeating units (n) reach a certain value.  
c) Other Methods 
Simple and novel methods to tailor photophysical properties are essential in order to meet 
the increasing demands for low band-gap chromophores. Methods such as metal ion 
complexation,
[95]




 at basic sites, chemical 
doping
[53a, 53b, 97]
 or electrochemical doping,
[98]
 could significantly tune the optoelectronic 
performance of organic chromophores, though these methods could result in charged 
compounds and loss of semiconducting behavior, respectively, traits that could affect the 
performance of devices. 
 






Here, electrochemical doping and Lewis acid addition will be reviewed in detail. It has also 
been demonstrated that anodic potentials can lead to the decrease of band gap and occurrence 
of NIR absorption, which is attributed to the formation of polaron, bipolaron or polaron 
pairs.
[99]
 Currently, conductive oligomers and polymers are widely studied since the first 
discovery of conducting polymers. These conductive materials are normally applied for 
innovative high-performance display technologies and portable applications.
[47b, 100]
 Under the 
positive/negative bias, polythiophenes, polyanilines, polyfluorenes, 
poly(3,4-alkylenedioxythiophene) etc. show distinguished absorption up to 2500 nm (Scheme 
1.10).
[101]
 Upon doping, most of these conductive polymers show high conductivity and good 
electrochromic performance such as high contrast, short response time and good stability. The 
spectra of doped polymers could recover into the original states of neutral polymers when the 
opposite bias is applied. 
 





Table 1.5 Optical properties of neutral chromophores and their Lewis acid adduct.
[103]
 
Compound λmax (nm, neutral) λonset (nm, neutral) λmax (nm, 
adduct) 
λonset (nm, adduct) 
19 503 577 647 790 
P46 805 890 998 1162 
20 636 742 820 1022 
P47 392 417 421 471 
 
It has been shown that Lewis acid (AlMe3, AlEtCl2, Al(C6F5)3, B(C6F5)3, BBr3 and BCl3) 
can react with several Lewis bases (nitriles, amines pyridines, imnes, etc.) and also with 
non-basic compounds (pyrroles and indoles) producing in both cases the B-N coordination 
adduct.
[102]
 Among these Lewis acids, B(C6F5)3 has a variety of applications owning to its 
strong acidity, tolerance to moisture and air, and resistance to B-C bond cleavage.
[103]
 As 
shown in Table 1.5,in neutral state, pyridalthiadiazole (PT) based oligomer 20 and polymer 
P46 exhibit the most red-shifted absorption (Scheme 1.11), suggesting PT is a very powerful 
acceptor compared with BT. Upon addition of the B(C6F5)3, all of the compounds display 
significant bathochromic shifts for both λmax and λonset. In addition, the UV-vis-NIR and 
fluorescence spectrum become broader. Upon the formation of Lewis acid adduct, 
PT/BT-Lewis acid acts as a stronger acceptor and generate stronger D-A interaction, leading 
to the redistribution of electrons and red shift of absorption bands. All of these interesting 




1.1.2 Applications of NIR Absorbing Materials 
Due to optical and electric properties, NIR absorbing materials have various applications. 
One of these applications is heat absorber which is used to exclude NIR light as NIR filter. 
This could be applied to invisible inks, laser-welding of plastics or transparent polymers, 
invisible and NIR readable bar codes, laser filter and security printing.
[1]
 Squarylium, 
phthalocyanines and naphthalocyanines have been qualified as heat absorber. NIR dyes are 
also very important in the field of optical recording for data storage. Typical applications for 
this data storage are DRAW (Direct Reading After Writing) and WORM (Write Once Read 
Many) disks. Besides, in area of laser printer or digital copy machine, NIR absorbing dyes 
such as NIR absorbing pigments (azo pigments and squarylium pigments) are applied as 
photoreceptors. NIR absorbing materials could also be used in organic solar cells to generate 
photocurrents. In addition, NIR material can also be used for OFETs and electrochromic 
materials.
[2, 40a]
 Recently, NIR absorbing materials are applied in bio-medical area. Modified 
organic compounds coupled with defined ligands have good affinity to respective molecular 
structure such as cancerous tissue.
[2]
 Then this could provide a basis for the diagnosis and 
therapy monitoring of cancers. 
1.2 Research Motivation 
As reviewed in the previous section, although those inorganic materials exhibit outstanding 
optical properties, great stability and are promising for many applications, their production 





 and solid-state reactions.
[39]
 Semiconductor NCs 





MBE is conducted in a refined ultrahigh-vacuum (UHV) environment, where thermally 
generated molecular or atomic beams are crystallized on the substrate surface. The operation 
condition of UHV and stringent process control causes this system of production NCs 
prohibitively expensive.
[41]
 In addition, most of the reported inorganic materials use either 
toxic or non-abundant materials such as Cd, In, Pb, etc. in at least one component. From a 
practical point of view, this means that, these materials cannot contribute significantly to a 
future sustainable energy supply and applications of NIR based devices. Therefore, non-toxic, 
abundant, and cheap materials with capability of large-scale production are pressing. 
Researchers are thus turning to organic NIR materials which have the potential to offset 
disadvantages of inorganic NIR absorbing materials. 
Though organic NIR absorbing chromophores can offset disadvantages of inorganic NIR 
materials, they also have limitations. For example, the viewed organic NIR materials are 
synthesized with tedious steps. Furthermore, as discussed above, the absorption of most 
organic NIR materials is typically under 1000 nm, which is not applicable for related NIR 
applications. Though methods like chemical doping and electrochemical doping can change 
the optical and electronic properties of materials, the chemical/electrochemical doping 
process sometimes is not reversible and can deteriorate the semiconducting properties of 
materials. Though the method of Lewis acid adduct can generate NIR absorption over 1000 
nm in a reversible way, the required conditions: no oxygen, no water and high purity of Lewis 
acid, are quite strict for the formation of adduct.  
Therefore, conjugated materials possessing facile synthesis and solution processability are 
desirable. More importantly, in order to meet the demands of NIR applications, controllable 
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NIR absorption over 1000 nm is essential. 
1.3 Structure Design for Oligomers and Polymers with NIR Absorption 
1.3.1 Azulene Based Materials 
1.3.1.1 Background of Azulene 
 
 
Scheme 1.12 Structure of azulene. 
 
Azulene is considered as a non-benzenoid aromatic molecule with a polar resonance 
structure, leading to an experimental dipole moment of 0.8 D.
[104]
 The large dipole moment of 
azulene attributes to the electron drift from the seven-membered ring to the five-membered 
ring, resulting in the aromatic delocalization energy being 5 times lower than that of 
benzene.
[40a]
 Theoretically, azulene is considered as an aromatic 6π cyclopentadienyl anion 
fused by a 6π electron tropylium cation. Such electron-rich cyclopentadienyl anion allows 
azulene to undergo electrophilic substitution at C-1/C-3 in the 5-membered ring.
[105]
 Upon 
gain or release of a charge, resonance-stabilized species-azulenylium ions are formed. The 
good stability of azulenylium ion is attributed to the generated cyclopentadienyl anion. Due to 
the unique electronic and structural properties, azulene has received much attention in a 







 nonlinear optical (NLO) material
[104, 109]










1.3.1.2 Mechanism of NIR Absorption 
1/3 position of azulene is basic enough to get protonated by acid and form azulenylium ion. 
Protonation can be used to tune or even change the photophysical properties of the materials. 
Wang and coworkers synthesized a series of novel chromophores containing azulene with 
controllable NIR absorption between of 600 and 1700 nm (Scheme 1.13).
[40a]
  
For these neutral chromophores, their absorption ranges from 300 to 400 nm. After 
protonation by trifluoroacetic acid (TFA), the absorption is significantly shifted to the NIR 
region with great increase of molar extinction coefficient. The protonation of azulene is easy 
to realize without considering strict reaction conditions. As shown in Figure 1.3, strong D-A 
interaction induced by protonation results in the splitting of energy bands and occurrence of 
lower bangap and NIR absorption. The reported simulation also indicates NIR absorption is 
attributed to intramolecular charge transfer (ICT). Therefore, as shown in Figure 1.2, polymer 
design based on those azulene oligomers could be used to achieve significant NIR absorption. 
1.3.2 CPDT Based Materials 




Electroactive cyclopentadithiophene (CPDT) derivatives have attracted tremendous 
interests recently due to their semiconducting properties and promising potential of serving as 
a building block.
[111]
 CPDT derivatives with fused rings could lead to the extended 
conjugation length in the ground state and more rigid and planar structures, which can 
facilitate ordered structure and easy π-π* ICT.[84, 85d] This kind of fused rings thiophene 
derivatives lowers the reorganization energy, a parameter that strongly affects the rate of 
intermolecular hopping and hence the charge carrier mobility in organic semiconductors, 
making this kind of compound a potential candidate for organic electronics.
[51a]
 Furthermore, 
CPDT can be easily functionalized via two locations: (1) the α-positions of thiophenes and (2) 
the bridgehead position. 
 
Scheme 1.14 Structure of CPDT. 
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1.3.2.2 Mechanism of NIR Absorption  
The interest on CPDT stems from the protonation ability of CPDT. The protonation of 
CPDT was initially found when the research on selective doping for chromophores with 
multiple protonation sites. After thorough literature review, theoretic calculation and related 
characterizations, it is found that α-positions of CPDT, similar to the 1/3 position of azulene, 
is electron-rich and basic enough to get protonated by strong organic acids. Protonation of 
CPDT could lead to the NIR absorption of chromophores via the ICT interaction. 
Therefore, upon protonation, significant NIR absorption for azulene/CPDT based 
chromophores could be easily achieved along with facile synthesis, good stability and 
solution-processability.  
1.4 Research Scope 
Considering the easy accessibility and great performance of protonation, protonation is 
applied into a series of azulene/CPDT based chromophores. The research scope mainly 
contains six parts.  
(1) Similar to the azulene based oligomers, azulene unit in polymers can be protonated and 
become a powerful acceptor. Upon protonation, azulene based polymer should also display 
NIR absorption over 1000 nm which is caused by efficient charge separation and ICT. 
Additionally, the alkyl chain length on NIR absorption will also be studied.  
(2) Though protonated PTAz-1 can show absorption up to 1500 nm, a series of azulene 
based polymer (PTAzs) with tunable absorption covering the whole NIR region are essential 
for the application of optoelectronic devices. In other words, another target is to obtain 
tunable absorption from 1000-2500 nm through controlling the D-A interaction (Scheme 
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1.15). In addition, electrochromic properties will be also test to examine the performance 
upon protonation. 
 
Scheme 1.15 A series of azulene based polymers. 
 
(3) Based on systematic study of NIR absorption of azulene based polymers, besides 
protonation, both chemical and electrochemical doping can result in interesting and distinct 
NIR absorption over 1000 nm. The difference and mechanism between protonation, chemical 
oxidation and electrochemical doping were not previously clearly studied, not to mention a 
systematic study in a single system. Therefore, systematic study is conducted to clarify the 
mechanism for NIR absorption generated by protonation, chemical oxidation and 
electrochemical oxidation, which could be used for other conjugated materials of NIR 
absorption and related applications. 
(4) During the study of PTAz-4, the protonated polymer exhibits absorption maxima of 
2500 nm, which is significantly red shifted compared with PTAz-1 and contradicting previous 
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assumption. In the design, upon protonation, azulene becomes a powerful electron-acceptor: 
azulenylium ion. The D-A interaction between two acceptors (azulenylium ion and BT) in 
PTAz-4 should be much weaker than that between the acceptor-azulenylium ion and 
donor-thiophene in PTAz-1, which should lead to blue shifted NIR absorption. In order to 
clarify this phenomenon, a series of azulene-BT based chromophores are designed. Enormous 
optical properties of neutral and protonated chromophores are characterized to get a firm 
conclusion. 
(5) Though a large volume of researches on protonation of azulene and related applications 
has been performed, optical behavior and related ICT, occuring in a chromophore containing 
several protonation units, have not been studied during the protonation process. Azulene, PT 
and CPDT, which can all be protonated by TFA, together with other conjugated units are 
coupled via Suzuki or Stille Coupling. According to the study, the protonation preference for 
azulene, PT and CPDT is determined by the proton affinity of molecules. Furthermore, this 
study is supposed to provide guideline for other similar structures or protonation research, 
(6) As mentioned before, CPDT is widely used in organic electronics and also capable of 
protonation. Systematic study is necessary to unveil the protonation mechanism for CPDT 
based chromophores. Additionally, the possibility of fabricating CPDT based chromophores 







Chapter 2 Near-IR Responsive Conjugated Polymers to 1.5 μm and 
Electrochromic Application 
2.1 Introduction 
Research of organic optoelectronic materials and related devices has grown rapidly in the 
last few decades. Conjugated optoelectronic materials are of great attraction to the plastic 
electronics because they can be processed in low-cost and large area production with ease in 
mechanical flexibility and band-gap tuning.
[112]
 However, considering about the applications 
in telecommunications and medical therapy, organinc NIR devices that can operate at 
wavelength above 1000 nm is extremely rare.
[2]
  
Enormous preparation of NIR organic conjugated chromophores which are thermally and 
optically responsive in the NIR range has been tried,
[93, 113]
 but the organic chromophores 
which could be active between 1 and 2.5 μm, are rarely reported.[92a, 114, 115] Recently Wang 
and coworkers reported an alternative method to fabricate a series of novel and stable 
azulene-containing NIR responsive chromophores of which the maximum absorption could 
be tailored between 600 and 1700 nm.
[40a]
 However, such chromophores are not applicable for 
the fabrication of electronics because they are not thermally stable and cannot form uniform 
film. In this Chapter, the fabrication of conjugated polymers containing azulene that 
demonstrate easy film formation and good thermal stability, which could fulfill the devices 
requirements, is reported. Additionally, these polymers exhibit extensive absorption beyond 
1500 nm, and also a significant enhancement of electrochromic switching stability and 
contrast upon treating with TFA.  




  1-Bromoctane (98%) was purchased from Lancaster Synthesis. N-Bromosuccinimide(97%), 
and 1-bromododecane (97%) were bought from Aldrich. Azulene, magnesium turnings and 
3-bromothiophene (97%) were purchased from Alfa Aesar. Ni(dppp)Cl2 was purchased from 
Acros Organics. Compounds: 1,3-dibromoazulene, 3-alkyl-2-bromothiophene and 
3-alkyl-thiophene were synthesized according to literatures.
[108b]
 Dry THF was obtained via 
distillation from Na/benzophenone. Other commercially available reagents and solvents were 
used with any treatment as received.  
2.2.2 Instrumentation 
  Bruker 400-MHZ NMR was done to study 
1
H-NMR (400.13 MHZ) and 
13
C-NMR (100.61 
MHZ) spectra at room temperature in the CDCl3. Micromass 7304E mass spectrometer was 
conducted to examine electron impact mass spectra (EIMS) and high resolution MS (HRMS). 
Differential scanning calorimetry (DSC) on DSC Q100 was done at a heating rate of 20 C 
min
-1 
and a cooling rate of 10 C min-1. Thermogravimetry (TGA) was performed on TGA 
Q500 of TA system. Samples were heated at a rate of 10 C min-1 from room temperature to 
900 C. Gel permeation chromatography (GPC) was conducted on a Waters 2690 system with 
polystyrene as standards and HPLC-THF as eluent. Elemental analyses (EA) on C, H and S 
determination were performed on a Flash EA 1112 series elemental analyzer. UV-vis-NIR 
spectra were studied on Shimadzu UV-3600 and Agilent Cary 5000. FT-IR spectra on PEKIN 
ELMER FT-IR Spectrometer Spectrum 2000 was performed.  
2.2.3 Electrochromic Studies 
  Polymer/PET-ITO was used as a working electrode by dissolving desired polymers in 
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p-xylene solution and spin-coating related solution onto indium tin oxide (ITO) electrodes 
laminated on poly(ethylene terephalate) (PET) substrates (60 Ω/sq). Ag/AgCl and platinum 
foil were used as a reference electrode and a counter electrode, respectively. The cyclic 
voltammetry (CV) was conducted on Autolab PGSTAT 30 electrochemical workstation. In the 
electrochromic properties studies, the solutions of polymers dissolved in p-xylene were 
spin-coated onto ITO electrodes laminated on PET substrates (100 Ω/sq) to form thin films. 
For in-situ spectro-electrochemical characterization, EC layer/ITO-PET was placed in a 
three-electrode cell with silver wire as a reference electrode and Pt wire as a counter electrode 
in a cell (cuvette), and tested by a Shimadzu UV-3600 UV-vis-NIR spectrophotometer and an 
Autolab PGSTAT30 electrochemical workstation. 0.1M LiClO4/acetonitrile and 0.1M 
LiClO4/acetonitrile with 15vol%TFA were used as electrolytes. 
2.2.4 Synthesis of Compounds and Polymers 
General synthesis of 1,3-Bis-[2-(3-alkylthienyl)]azulene. To a round bottom flask (RBF) 
added magnesium turning (37.5 mmol) and anhydrous THF (30 ml). Under argon (Ar) 
protection, 3-alkyl-2-bromothiophene (35 mmol) in anhydrous THF (10 ml) solution was 
added dropwise. The above mixture was warmed up and refluxed around 2 hours until all 
magnesium turnings were disappeared. Under Ar, the formed Grignard reagent was then 
transferred to mixture of 1,3-dibromoazulene (1.7 g, 6 mmol) and Ni(dppp)Cl2 (0.22 g, 0.4 
mmol) in THF (20 ml) solution which was cooled in an ice-water bath. The mixture was 
warmed to room temperature and refluxed overnight after all Grignard reagent was 
transferred. The reaction was then cooled down to room temperature, followed by adding 
dilute HCl solution (40 ml) dropwise. Then the resulting organic layer was collected. The 
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aqueous layer was extracted with ether (20 ml) for 3 times. And the organic layers were then 
combined and washed with 1 M sodium bicarbonate solution, water, and brine solution 
successively. Finally, the organic portion was dried over anhydrous MgSO4, concentrated by 
rotary evaporator and purified by flash column using n-hexane as eluant.  
1,3-Bis[2-(3-n-hexylthienyl)]azulene. The product was dark green oil (76%). 
1
H-NMR (, 
CDCl3) : 8.35 (d, 2H), 7.91 (s, 1H), 7.61 (t, 1H), 7.34 (d, 2H), 7.17 (t, 2H), 7.10 (d, 2H), 2.58 
(t, 4H), 1.52 (m, 4H), 1.15 (m, 12H), 0.75 (t, 6H). 
1,3-Bis[2-(3-n-ocylthienyl)]azulene. The product was dark green oil (65%). 
1
H-NMR (, 
CDCl3): 8.36 (d, 2H), 7.92 (s, 1H), 7.61 (t, 1H), 7.34 (d, 2H), 7.17 (t, 2H), 7.09 (d, 2H), 2.56 
(t, 4H), 1.53 (m, 4H), 1.15 (m, 20H), 0.82 (t, 6H). 
1,3-Bis[2-(3-n-dodecylthienyl)]azulene. The product was dark green oil (60%). 
1
H-NMR 
(, CDCl3): 8.36 (d, 2H), 7.92 (s, 1H), 7.61 (t, 1H), 7.34 (d, 2H), 7.16 (t, 2H), 7.09 (d, 2H), 
2.56 (t, 4H), 1.52 (m, 4H), 1.22 (m, 36H), 0.87 (t, 6H). 
General synthetic procedure of 1,3-dibromo-[2-(3-alkylthienyl)]azulene (BTAzs). NBS 
(0.692 g, 3.89 mmol) was added to 1,3-bis-[2-(3-alkylthienyl)]azulene (1.85 mmol) in 
portions in CHCl3/HOAC (v/v. 8 ml/8 ml) solution over 45 minutes at 0 C. The mixture 
reacted for 2 hours at 0 C and then at room temperature overnight, followed by the quench of 
reaction via adding water (30 ml). The organic portion was collected. The remaining aqueous 
layer was extracted with CH2Cl2 (25ml x 3). The organic layers were combined and washed 
with 1 M sodium bicarbonate solution (30 ml), 30 ml water for 3 times and dried over 
anhydrous MgSO4. The organic portion was concentrated by rotary evaporator after filtrating 




1,3-Dibromo-[2-(3-hexylthienyl)]azulene (BTAz-1). The product of dark green oil was 
obtained with good yield (67%). 
1
H-NMR (, CDCl3): 8.35 (d, 2H), 7.82 (s, 1H), 7.66 (t, 1H), 
7.22 (t, 2H), 7.04 (s, 2H), 2.47 (t, 4H), 1.50 (m, 4H), 1.16 (m, 12H), 0.77 (t, 6H). 
13C NMR: δ 
141.8, 140.4, 139.7, 139.2, 137.0, 133.8, 132.2, 124.8, 121.1, 111.1. HRMS (EI): calcd for 
C30H34Br2S2, m/z 618.0448; found, m/z 618.0435. 
1,3-Dibromo-[2-(3-ocylthienyl)]azulene (BTAz-2). The product of dark green oil was 
obtained with good yield (78%). 
1
H-NMR (, CDCl3):  8.36 (d, 2H), 7.83 (s, 1H), 7.66 (t, 
1H), 7.22 (t, 2H), 7.04 (s, 2H), 2.47 (t, 4H), 1.51 (m, 4H), 1.14 (m, 20H), 0.82 (t, 6H). 
13
C 
NMR: δ 141.8, 140.4, 139.7, 139.2, 137.0, 133.8, 132.2, 124.8, 121.1, 111.1. HRMS (EI): 
calcd for C34H42Br2S2, m/z 674.1074; found, m/z 674.1074. 
1,3-Dibromo-[2-(3-dodecylthienyl)]azulene (BTAz-3). The product of dark green oil was 
obtained with good yield (80%). 
1
H-NMR (, CDCl3): 8.35 (d, 2H), 7.82 (s, 1H), 7.66 (t, 1H), 
7.22 (t, 2H), 7.03 (s, 2H), 2.47 (t, 4H), 1.50 (m, 4H), 1.13 (m, 36H), 0.87 (t, 6H). 
13C NMR: δ 
141.8, 140.4, 139.7, 139.2, 137.0, 133.8, 132.2, 124.8, 121.1, 111.1. HRMS (EI): calcd for 
C42H58Br2S2, m/z 786.2326; found, m/z 786.2350. 
General synthetic procedure for polymer poly-PTAzs. Biphenyl-4,4”-diboronic acid 
bis(pinacol) ester (0.74mmol), BTAzs (0.74 mmol), 4 ml of 2 M Na2CO3 solution, 8 ml of 
toluene, and 2 drops of Aliquat 336 were added into a two-necked RBF under nitrogen 
protection. Several freeze-pump-thaw cycles were applied to degas the mixture. Pd(PPh3)4 
(0.0037mmol, 4 mg) was added under N2 and then another two freeze-pump-thaw cycles were 
used. The reaction mixture warmed to room temperature and transferred to an oil bath and 
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refluxed for 3 days at 115 C. The reaction mixture was concentrated and dropwised into 
methanol (200 ml) with stirring after the polymerization completed. The yellowish-green 
precipitates were filtrated, collected and then washed with acetone and n-hexane using a 
Soxhlet apparatus to exclude byproducts and low-molecular weight oligomers. The polymers 
were extracted with chloroform, precipitated into methanol and dried. Finally, the polymers 
were directly used for the following characterization. 
Poly-PTAz-1. This was obtained as green powder (91%).  
1
H-NMR (, CDCl3): δ 8.52 (d, 
2H), 8.03 (s, 1H), 7.75(m, 9H), 7.40 (s, 2H), 7.23 (t, 2H), 2.63 (t, 4H), 1.64 (m, 4H), 1.21 (m, 
12H), 0.81 (t, 6H). 
13C NMR: δ 142.8, 142.1, 140.5, 139.6, 139.0, 137.1, 134.1, 132.3, 127.6, 
126.3, 125.7, 124.4, 122.4. FTIR (KBr): 496, 740, 816, 1157, 1409, 1457, 1461, 1495, 1573, 
2851, 2920, 3025, 3430. Anal Calcd for C42H44S2: C,82.30; H, 7.24; S, 10.46. Found: C,80.83; 
H, 6.77; S, 10.08%. 
Poly-PTAz-2. This was obtained as green powder (89%). 
1
H-NMR (, CDCl3): δ 8.52 (d, 
2H), 8.03 (s, 1H), 7.75(m, 9H), 7.40 (s, 2H), 7.23 (t, 2H), 2.63 (t, 4H), 1.64 (m, 4H), 1.19 (m, 
20H), 0.84 (t, 6H). 
13C NMR: δ 142.8, 142.1, 140.5, 139.6, 139.0, 137.1, 134.1, 132.3, 127.6, 
126.3, 125.7, 124.4, 122.4. FTIR (KBr): 506, 740, 816, 1169, 1411, 1454, 1458, 1495, 1573, 
2852, 2922, 3025, 3431. Anal Calcd for C86H120O2S4: C, 78.6; H, 9.20; S, 9.76. Found: C, 
82.06; H, 7.24; S, 8.93%. 
Poly-PTAz-3. This was obtained as green powder (87%).
1
H-NMR (, CDCl3): δ 8.52 (d, 
2H), 8.03 (s, 1H), 7.75(m, 9H), 7.40 (s, 2H), 7.23 (t, 2H), 2.63 (t, 4H), 1.63 (m, 4H), 1.20 (m, 
36H), 0.87 (t, 6H). 
13C NMR: δ 142.8, 142.1, 140.5, 139.6, 139.0, 137.1, 134.1, 132.3, 127.6, 
126.3, 125.7, 124.4, 122.4. FTIR (KBr): 502, 576, 722, 739, 816, 1002, 1196, 1410, 1456, 
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1459, 1494, 1571, 2851, 2922, 3025, 3435. Anal Calcd for C54H68S2: C, 83.02; H, 8.77; S, 
8.21. Found: C, 82.09; H, 8.46; S, 8.12%. 
2.3 Results and Discussion 
2.3.1 Design of Low Bandgap Polymers with NIR Absorption 
In order to achieve low bandgap organic materials with NIR absorption, the most used 
method of lowering the bandgap between the lowest occupied molecular orbital (LUMO) and 
highest occupied molecular orbital (HOMO) is extending conjugation length to minimize 
bond length variation
[116]
 or using electron-acceptor (A) and electron-donor (D) along the 
polymers backbone.
[51c, 101d, 117]
 The combination of low LUMO from the acceptor and high 
HOMO from the donor results in a reduction of bandgap for the conjugated chromophores. 
The bandgap of polymer could be tailored through choosing different donor and acceptor 
units. In this Chapter, three polymers named Poly-PTAzs containing azulene as a strong 
electron-acceptor after protonation are introduced. 
As reviewed in the Chapter 1, azulene is used in the research due to the reason that azulene 
as a non-alternant aromatic hydrocarbon owns unique electronic properties such as a large 
dipole moment (1 D) and the formation of novel resonance-stabilized azulenylium ion upon 
releasing or obtaining a charge.
[99, 118]
 The aromatic delocalization energy of benzene is 
around 5 times higher than that of aulenylium ion which is constituted by cycloheptatrienyl 
cation or cyclopentadienyl anion.
[119]
 The 1/3 positions of azulene could get protonated by 
acid because of its high basicity. Upon protonation, azulene becomes a powerful 
electron-acceptor and generates effective charge separation and outstanding intramolecular 
charge transfer (ICT), which finally leads to NIR absorption of polymer. In addition, three 
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polymers Poly-PTAzs with different side chain length were designed in order to study if the 
side chain has influence on the NIR absorption. 
2.3.2 Polymers Synthesis and Characterization 
Scheme 2.1 shows the synthetic procedure for monomers and polymers. The coupling 
reaction 1,3-dibromoazulene and corresponding thiophene based Grignard reagents generated 
1,3-alkylthenyl-azulenes. 1,3-Dibromo-[2-(3-alkylthienyl)]azulene (BTAzs) then were 
obtained in high yields by reacting NBS with 1,3-alkylthenyl-azulenes in solution of acetic 
acid and chloroform (volume/volume: 1/1). BTAzs and 4,4'-biphenyldiboronic acid were 
polymerized in 2 M Na2CO3 solution, Aliquat 336 and toluene via Suzuki Coupling.
[120]
 As 
shown in Scheme 2.1, the obtained polymers with side chain C6H13, C8H17, and C12H25, are 
named as Poly-PTAz-1, Poly-PTAz-2, Poly-PTAz-3, respectively. These polymers are 
purified through repetitive precipitation from excess methanol, washing with hexane and 
acetone, extracted with chloroform using a Soxhlet apparatus. The polymers were precipitated 





spectroscopy and FTIR. 
Scheme 2.1 Synthesis of Poly-PTAzs. Reagents and conditions: (i) Ni(dppp)Cl2, THF, reflux; 






Figure 2.1 (a) SEM image of the polymer film spin coated on glass slides and inset shows the 
photography of the greenish polymer film; (b) AFM analysis of polymer film spin coated on 
glass slides. The measured mean roughness (Ra) was found to be 0.412 nm. 
 
 
Figure 2.2 TG plot of the prepared polymers. 
 
GPC test using polystyrene standards was studied and exhibited number-average molecular 
weights (Mn) for polymers in the range of 21,000 and 40,700, and degree of polymerization 
(DP) of 32-52. Such polymers own good solubility and can be fabricated into uniform thin 
films onto various substrates such as glass slides and ITO glass via drop-casting or 
spin-coating. The yellow-greenish film shown in Figure 2.1, examined by atomic force 
microscopy (AFM) and scanning electron microscope (SEM), was very uniform and smooth, 
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indicating the promising potential for the fabrication of devices. TGA analysis in Figure 2.2 
shows all these polymer have great stability up to 380 °C in air together with two degradation 
steps. DSC scans were also run from -30 to 300 
0
C in a N2 with glass transition temperature 
(Tg) of 62-135 C. It indicates the shorter alkyl chain, the larger Tg, which mostly results from 
decreasing polymer’s free volume via the shorter alkyl chains, and resulting in the increase of 
the Tg. 
2.3.3 Photophysical Study 
 
 
Figure 2.3 (a) UV-vis-NIR spectra change of Poly-PTAz-3 as a function of TFA 
concentration in chloroform solution; inset shows the solution color change upon addition of 
TFA; (b) UV-vis-NIR spectra change of Poly-PTAz-3 in 30% TFA at 50 C as a function of 
time; (c) Reversible color change of Poly-PTAz-3 upon the TFA and ammonium vapor 
treatment. 
 
All three polymers showed absorption maxima around 380 nm with onset at 490 nm in 
chloroform solution, which is assigned to the -* transition. Such phenomenon indicates that 
the side chain length does not have much effect on optical property. More importantly, 
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significant optical change was observed when the polymer was treated with TFA (Figure 2.3a). 
As a surrogate, polymer Poly-PTAz-3 was applied to examine the optical changes as a 
function of TFA concentration. Only one absorption band at 380 nm was observed for 
polymer Poly-PTAz-3. Upon the treatment of TFA, new absorption bands appear in both 
visible and NIR regions. Increase of TFA concentration leads to the rising oscillation strength 
for both the visible (480 and 570 nm) and NIR absorption band (1.6 μm) and a gradual 
bleaching of the original peak around 380 nm. Additionally, an isosbestic point at 445 nm is 
consistent with two optically inter-converting different phases that are present in the solution. 
Moreover, when TFA concentration exceeds above 30%, the spectral change becomes less 
obvious, indicating the acid saturation. With the increase of TFA concentration (1% to 15%), 
the newly formed absorption band exhibits remarkable blue shift from 1660 to 1530 nm. 
Further increase of TFA concentration (15% to 30%) results in the continuing intensity rise, 
but less blue shift of NIR absorption. The stability of protonated polymer in 30% TFA at 50 
C was also studied via UV-vis-NIR spectroscopy. The spectra remain stable without much 
change during 2 hour-test, suggesting the protonated species own good optical stability 
(Figure 2.3b). 
Upon protonation, the newly formed absorption bands in both visible and NIR regions 
should result from ICT interaction. Protonation of azulenes in polymer Poly-PTAzs is 
supposed to induce large charge separation because the powerful electron-acceptor 
(azulenylium ion) is formed and results in strong D-A interaction in the polymer backbone.
[121]
 
Such strong D-A interaction greatly narrow the bandgap and generates the occurrence of NIR 
absorption. Therefore, protonation has great effect on photophysical properties of polymers. 
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As shown in Figure 2.3c, the color of solution changes from neutral yellow-greenish film to 
protonated dark brown film. Interestingly, such color change is reversible and can recover if 
ammonium vapor is used to treat the protonated film. Additionally, such reversible process 
could be conducted for various time until solvent swelling broke the polymer film. The 
protonated polymer film is quite stable in a sealed system, although the polymer film is viable 
to switch between neutral and protonated states. For instance, upon the examination of 
spectrometer, no obvious spectral change was found for the protonated polymer film in a 
sealed cuvette at temperature around 80 C for one month. 
 
Figure 2.4 Upper: Chemical structure for model Di-PTAz; bottom: HOMOs and LUMOs 
distributions for neutral, half-protonated and full-protonated Di-PTAz. 
 
In order to get better understanding of optical changes of polymers upon the treatment of 
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TFA and to further understand the ICT interaction, density functional theory (DFT) 
calculations were done.
[115, 122]
 Dimer Di-PTAz (Figure 2.4) was modeled as surrogates for 
polymer poly- 
 
Figure 2.5 (a and c) CV of polymer Poly-PTAz-3 in the absence of (a) and in the presence (c) 
15% TFA; (b and d) Optical studies of Poly-PTAz-3 under different potentials in the absence 
of (b) and in the presence (d) 15% TFA in a acetonitrile solution of 0.1 M LiClO4. 
 
PTAz. Different protonation degree was considered in the simulation. That is to say, half 
pronation means one azulene unit (azulene on right side) was protonated by TFA, and full 
protonation means both two azulene units in Di-PTAz were protonated by TFA. The 
calculated dihedral angle between thiophene and azulene for half protonated and full 
protonated Di-PTAz is 87.3 and 87.8 (77.8), respectively. Such dihedral angle is much 
larger than that neutral Di-PTAz (40.1), which should be assigned to the protonation induced 
change of the sp
2
 carbon to sp
3
 carbon.  
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Meanwhile, the electron distributions in LUMOs and HOMOs were calculated. Figure 2.4 
displays a distinct ICT transition between the neutral and the protonated Di-PTAz. For neutral 
dimer, the HOMO is nearly delocalized on the whole backbone of dimeric model compound, 
and LUMO is just located on one azulene unit. In the half protonated Di-PTAz, HOMO is 
delocalized on thiophene-azulene-thiophene-benzene rings, while LUMO is located on one 
azulene unit on another side. In the full protonated Di-PTAz, HOMO is delocalized on 
thiophene-biphenyl rings, while LUMO is located on one azulene unit on same end. In 
comparison with neutral Di-PTAz, protonation leads to distinct charge separation between 
HOMO and LUMO and substantial charge transfer from donor to acceptor. In addition, half 
protonated Di-PTAz demonstrates more efficient charge separation and ICT interaction than 
that of full protonated dimer, which explains the blue-shifted NIR absorption at a higher TFA 
concentration. In other words, at a lower TFA concentration, half protonation and a larger 
charge separation were dominant, resulting in more bathochromic shift of absorption. At a 
higher TFA concentration, more azulene units in Di-PTAz get protonated and full protonation 
is dominated. As a result, charge separation and resulted ICT are weakened, which increase 
the bandgap. 
2.3.4 In-situ Spectroelectrochemical Property 
  To understand the electrochemical properties of Poly-PTAzs, CV of Poly-PTAzs thin fims 
were conducted in acetonitrile with 0.1 M LiClO4 as electrolyte against Ag/AgCl reference 
electrode at scan rate of 20 mV/s. A distinct color change from yellow-green to dark green 
was found, upon oxidative sweeping from -0.2 V to +1.6 V. This color change might 
correspond to a quasi-reversible p-doping process and the formation of related polarons. 
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Remarkable increase of peak current intensity together with less peak shift was found for 
protonated polymer Polyy-PTAz-3 when comparing with neutral one (Figure 2.5). Higher 
charge densities for protonated polymer suggests that protonation of polymer stabilizes the 
formed azulenylium ions and boosts the population of charge carriers (polarons) in the 
polymer film, resulting in the increased conductive function and redox activity in TFA 
solution.
[123]
 The in-situ spectroelectrochemcial performance of polymers in the absence and 
in the presence of TFA were also studied. A rise in electrochemical oxidation potential leads 
to the increased intensity of absorption band in NIR region and a gradual bleaching of original 
absorption band. Poly-PTAz-3 with and without the treatment of TFA all exhibited similar 
absorption maxima appears at 1038 nm. Therefore, the resulted NIR absorption is not related 
to the protonation and ICT. Instead, newly formed NIR absorption of Poly-PTAzs mostly 
results from the electrochemical doping and the resulted lower energy azulenylium ions. 
 
Figure 2.6 Switching time characteristics of Poly-PTAz-3 between -0.4 and +1.4 V at an 
absorbance wavelength of 1030 nm, with (a) 50s coloration and 50s bleach in acetonitrile 
with (solid line) and without (dashed line) of 15% TFA; (b) 20s coloration and 20s bleach in 
acetonitrile with (blue line) and without (black line) of 15% TFA. 
 
The optical switching studies of the polymer Poly-PTAzs films are conduced at 1030 nm 
via applying stepped potential between -0.4 and 1.4 V. In comparison with polymer 
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Poly-PTAzs  without the prescence of TFA, enhanced stability and remarkable increase of 
electrochromic contrast (A at max) of polymer Poly-PTAzs are found in acetonitrile/TFA 
solution (Figure 2.6). Under 50s switching steps, at the beginning, neutral Poly-PTAz-3 
exhibits a low contrast  
 
Figure 2.7 Switching time characteristics of Poly-PTAz-1 (a) and Poly-PTAz-2 (b) in 
acetonitrile with (red line) and without (black line) of 15% TFA at an absorbance wavelength 
of 1030 nm between -0.4 and +1.4 V, with 50s coloration and 50s bleach.  
 
of 0.04 (A) and decreases by half in 15 min. However, Poly-PTAz-3 shows 10 times 
increase of contrast to 0.43 (A) in the presence of 15% TFA. Additionally, the stability of 
dynamic switching is qute good in the acetonitrile/TFA solution, showing minor change of 
optical contrast. Similar phenomenon can also be found at 20s switching steps (Figure 2.6b). 
Improved stability and significant increase of electrochromic contrast of polymer 
Poly-PTAz-3 are mostly resulted from the stablized polarons generated by electrochemical 
doping process. As indicated before, protonation of polymer increases the charge density and 
boosts the population of charge carriers (polarons) in the polymer film. The protonation is 
supposed to enhance the charge transport across the thin film and reduce the voltage loss, 
making the oxdation potential more evenly applied. In addtion, compared with Poly-PTAz-1 
and Poly-PTAz-2, in the prescence of TFA, highest optical contrast enhancement is found for 
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Poly-PTAz-3, which results from long side chain and a loosly packed structure of 
Poly-PTAz-3 for a larger amount of active units (Figure 2.7).  
2.4 Conclusions 
The synthesis and photophysical properties of novel conjugated polymers containing 
azulene are reported. Upon protonation, these polymers can show absorption maxima at 1.5 
m and above. DFT simulation elaborates that the distinct NIR absorption is assigned to the 
intramolecular charge transfer (ICT). Additionally, the protonated polymers exhibit 
remarkable enhancement of optical contrast and better electrochromic stability than that of 
neutral polymers. The protonated polymers are quite stable, making them become promising 















Chapter 3 Conjugated Polymers Containing Azulene with 
Controllable NIR Absorption Up to 2.5 μm 
3.1 Introduction 
In the Chapter 2, a series of azulene based polymers with different chain length were 
designed. Those polymers can exhibit extensive NIR absorption up to 1.5 m. Moreover, the 
electrochromic performance of protonated polymers is greatly enhanced in comparison with 
that of neutral polymers.  
Considering the perfect performance of those polymers upon protonation, azulene based 
polymers with tunable absorption covering the whole NIR region are quite desirable, which 
can be suitable for a range of NIR responsive devices. In the Chapter 3, the synthesis and 
design of a series of novel conjugated polymers containing azulene by “molecular 
engineering” strategy with controllable absorption up to 2.5 m are achieved and reported. 
Predicable structure–function relationships for the polymer could be obtained via such 
“molecular engineering” strategy. Moreover, the electronic and photophysical properties of 
the proposed polymers can be tailored via this strategy, making the polymers become 
promising alternatives to their inorganic counterparts. Additionally, these polymers could be 
fabricated into many novel NIR devices due to their controllable and broad NIR absorption. 
3.2 Experimental Section 
3.2.1 Materials 
  Biphenyl-4,4'-diboronic acid bis(pinacol) ester (95%), 3-bromothiophene (97%), 
tri(o-tolyl)phosphine, methyltin trichloride (97%), magnesium turnings and azulene (99%) 
were bought from Alfa Aesar. n-BuLi and Ni(dppp)Cl2 were purchased from Acros Organics. 
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Benzo[c]-1,2,3-thiadiazol-4,7-diyl-4,7-diboronic acid dipinacol ester (95%), 
1-bromododecane (97%), NBS (97%), copper bromide (98%) and 1-dodecanol (98%) were 
bought form Sigma Aldrich. Dry THF was obtained via distillation from Na/benzophenone. 
Other commercially available reagents and solvents were used as received without further 
treatment. 
3.2.2 Instrumentation 
  Bruker 400-MHZ NMR was done to study 
1
H-NMR (400.13 MHZ) and 
13
C-NMR (100.61 
MHZ) spectra at room temperature in the CDCl3. Shimadzu LCMS-IT-TOF Mass 
Spectrometer was conducted to examine electron impact mass spectra (EIMS) and high 
resolution MS (HRMS). DSC on DSC Q100 was done at a cooling rate of 10 C min-1 and a 
heating rate of 20 C min-1. TGA was conducted on TGA Q500 of TA system. Samples were 
heated at a rate of 10 C min-1 from room temperature to 900 C. GPC was conducted with 
polystyrene as standards and HPLC-THF as eluent on a Waters 2690 system. 
High-temperature GPC was also performed at 160 °C using 1,2,4-trichlorobenzene as the 
eluent with a refractive index detector and using a Polymer Labs PL 220 system. Elemental 
analyses (EA) on C, H and S determination were performed on a Flash EA 1112 series 
elemental analyzer. JSM-6700F field-emission scanning electron microscope (FESEM) was 
used to study the surface morphology. UV-vis-NIR spectra were performed on Shimadzu 
UV-3600 and Agilent Cary 5000. FT-IR spectra on PEKIN ELMER FT-IR Spectrometer 
Spectrum 2000 were performed. 
3.2.3 Electrochromic Studies 
  Polymer/PET-ITO was used as a working electrode by dissolving desired polymers in 
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toluene solution and spin-coating related solution onto ITO electrodes laminated on PET 
substrates (60 Ω/sq). Ag/AgCl and platinum foil were used as the reference electrode and 
counter electrode, respectively. The CV was conducted on Autolab PGSTAT 30 
electrochemical workstation. In the electrochromic properties studies, the solutions of 
polymers dissolved in p-xylene were spin-coated onto ITO electrodes laminated on PET 
substrates to form thin films. For in-situ spectro-electrochemical characterization, EC layer 
was placed in a three-electrode cell with silver wire as a reference electrode and Pt wire as a 
counter electrode in a cell (cuvette), and tested by a Shimadzu UV-3600 UV-vis-NIR 
spectrophotometer and an Autolab PGSTAT30 electrochemical workstation. 0.1M 
LiClO4/acetonitrile and 0.1M LiClO4/acetonitrile with 15vol%TFA were used as electrolytes. 




(1.06 g, 2.81 mmol), 1,3-Dibromo-[2-(3-dodecylthienyl)]azulene (1, 1.005 g, 1.28 mmol), 12 
ml toluene, 2 M Na2CO3 solution (6 ml) and four drops of Aliquat 336 were added into a 
two-necked 50 ml RBF under Ar. Three freeze-pump-thaw cycles for one hour was applied to 
degas the mixture. Then Pd(PPh3)4 (7.2 mg, 0.00625 mmol) was added under Ar and then 
another two freeze-pump-thaw cycles were used. The mixture was warmed to room 
temperature and transferred to an oil bath and refluxed for 1 day at 100 C. The mixture was 
then cooled down to room temperature, followed by the adding the dilute HCl solution (15 ml) 
dropwise. The resulting organic layer was collected. Then the aqueous layer was extracted 
with ether (15 ml) for 3 times. The organic portions were compiled and washed with 1 M 
sodium bicarbonate solution, water, and brine solution successively. The organic portion was 
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dried over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and purified by 
flash column using n-hexane as eluant. The product was obtained in high yield (90%) as green 
oil. 
1
H-NMR (δ, CDCl3): 8.45 (d, 2 H), 7.97 (s, 1 H), 7.65 (t, 1 H), 7.19 (t, 2 H), 7.10 (d, 2 H), 
6.95 (s, 2 H), 6.94 (d, 2 H), 2.82 (t, 4 H), 2.57 (t, 4 H), 1.65 (m, 4 H), 1.23 (m, 76 H), 0.86 (t, 
12 H). 
13C NMR: δ 141.18, 140.5, 139.6, 139.5, 139.0, 137.0, 135.5, 132.3, 131.5, 130.4, 
128.2, 124.3, 123.6, 122.1, 32.3, 31.2, 30.0, 29.8, 29.5, 23.1, 14.4. HRMS (EI): calcd for 
C74H112S4, m/z 1128.7647; found, m/z 1129.6349. Anal Calcd for C74H112S4: C, 78.66; H, 9.99; 
S, 11.35. Found: C, 78.23; H, 10.10; S, 10.83%.  
To a 50 two-necked RBF was added the obtained product (1.31 g, 1.16 mmol) and 
HOAC-CHCl3 (8 ml/8 ml) solution at -10 °C. And then NBS (0.434 g, 7.97 mmol) was added 
in portions into the mixture over 45 mins under the protection of N2. The mixture was 
maintained at -10 °C and stirred for 2 hours, followed by the quench of reaction via adding 
water. The resulting organic portion was collected. Then the aqueous layer was extracted with 
CHCl3 (15 ml) for 3 times. The organic portions were compiled and washed with 1 M NaOH 
solution, water (three times), and brine solution successively. The organic portion was dried 
over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and purified by flash 
column using n-hexane as eluant. The product was obtained in high yield (83%) as green oil. 
1
H-NMR (δ, CDCl3): 8.43 (d, 2 H), 7.94 (s, 1 H), 7.64 (t, 1H), 7.21 (t, 2 H), 7.04 (s, 2 H), 6.90 
(s, 2 H), 2.75 (t, 4 H), 2.54 (t, 4 H), 1.65 (m, 4 H), 1.26 (m, 76 H), 0.86 (t, 12 H). 
13C NMR: δ 
141.3, 140.4, 140.2, 139.5, 139.0, 137.0, 134.2, 133.1, 132.9, 128.6, 124.4, 121.8, 110.3, 32.3, 
31.1, 31.0, 30.0, 29.8, 29.7, 29.4, 27.3, 25.7, 23.0, 14.4. HRMS (EI): calcd for C74H110Br2S4, 
m/z 1286.5837; found, m/z 1286.8449. Anal Calcd for C74H110Br2S4: C, 69.02; H, 8.61; S, 
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9.96. Found: C, 68.53; H, 8.750; S, 9.47%. 
Compound 4. 2-Bromo-3-(dodecyloxy)thiophene (3.4 g, 9.79 mmol), 
biphenyl-4,4”-diboronic acid bis(pinacol) ester (1.9 g, 4.67 mmol), toluene (40 ml), 2 M 
Na2CO3 solution (20 ml) and ten drops of Aliquat 336 were added into a two-necked 150 ml 
RBF under Ar. Three freeze-pump-thaw cycles for one hour was applied to degas the mixture. 
Then Pd(PPh3)4 (26.4 mg, 0.02275 mmol) was added under Ar and then another two 
freeze-pump-thaw cycles were used. The reaction was warmed to room temperature and 
transferred to an oil bath and refluxed for 1.5 days at 100 C. The mixture was then cooled 
down to room temperature, followed by adding the dilute HCl solution (15 ml) dropwise. The 
resulting organic layer was collected. And then the aqueous portion was extracted with 
CH2Cl2 (15 ml) for 3 times. The organic portions were compiled and washed with 1 M 
sodium bicarbonate solution, water, and brine solution successively. The organic portion was 
dried over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and purified by 
flash column using n-hexane : ethyl acetate (v:v: 45:1) as eluant. The product was obtained as 
bright yellow solid in high yield (90%) after recrystallization in n-hexane. 
1
H-NMR (δ, 
CDCl3): 7.83 (d, 4 H), 7.61 (d, 4 H), 7.14 (d, 4 H), 6.91 (d, 4 H), 4.09 (t, 4 H), 1.82 (m, 4 H), 
1.49 (m, 4 H), 1.26 (m, 32 H), 0.87 (m, 6 H). 
13C NMR: δ 153.8, 138.8, 133.1, 127.5, 127.2, 
122.4, 120.7, 118.8, 72.2, 32.3, 30.1, 30.0, 29.8, 26.5, 23.1, 14.5. HRMS (EI): calcd for 
C44H62O2S2, m/z 686.4191; found, m/z 686.7196. Anal Calcd for C44H62O2S2: C, 76.91; H, 
9.10; S, 9.33. Found: C, 76.59; H, 9.34; S, 8.92%. 
 CHCl3 (15 ml) solution and the obtained product (0.606 g, 0.88 mmol) were added into a 25 
ml two-necked RBF at 0 °C. And then NBS (0.33 g, 1.85 mmol) was added in one portion 
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into the mixture under N2 protection. The reaction was maintained at 0°C for 1 hour and then 
stirred at room temperature for 7 hours with the absence of light, followed by the quench of 
reaction via adding water. The resulting organic portion was collected. The aqueous portion 
was extracted with CH2Cl2 (15 ml) for 3 times. The organic portions were compiled and 
washed with 1 M NaOH solution, water (three times), and brine solution successively. The 
organic portion was dried over anhydrous MgSO4, filtrated, concentrated by rotary evaporator 
and purified by flash column using a hexane : ethyl acetate (v/v, 45/1) gradient. The product 
was synthesized in high yield (99%) as light yellow solid. 
1
H-NMR (δ, CDCl3): 7.71 (d, 4 H), 
7.59 (d, 4 H), 6.91 (s, 4 H), 4.04 (t, 4 H), 1.79 (m, 4 H), 1.49 (m, 4 H), 1.26 (m, 32 H), 0.87 
(m, 6 H). 
13C NMR: δ 152.5, 139.0, 132.3, 127.4, 127.2, 122.5, 122.0, 109.9, 72.5, 35.1, 34.9, 
32.2, 32.0, 30.6, 30.1, 30.0, 29.6, 29.5, 27.3, 26.4, 25.7, 23.0, 21.1, 20.8, 19.1, 14.7. HRMS 
(EI): calcd for C44H60Br2O2S2, m/z 844.2381; found, m/z 844.6210. Anal Calcd for 
C44H60Br2O2S2: C, 62.55; H, 7.16; S, 7.59. Found: C, 62.87; H, 7.29; S, 7.22%.  
The above product (0.64 g, 0.758 mmol) was dissolved in 15 ml dry THF. Two short 
freeze-pump-thaw cycles for 10 min was applied to degas the mixture. Then 1.6 M solution of 
n-BuLi in hexane (1.52 ml, 2.43 mmol) was added dropwise under argon at -78 °C. The 
reaction time was maintained for 2 hours, followed by adding the trimethyltin chloride solid 
(0.48 g, 2.43 mmol) as one portion under the Ar. After the reaction of 2 hours, the mixture 
was warmed to room temperature and stirred overnight, followed by adding 50 ml saturated 
NH4Cl solution and 50 ml ethyl acetate under stirring. The resulting organic portion was 
collected. The aqueous layer was extracted with ethyl acetate (20 ml) for 3 times. The organic 
portions were compiled and washed with 1 M sodium bicarbonate solution, water, and brine 
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solution successively. The organic portion was dried over anhydrous MgSO4, filtrated, 
concentrated by rotary evaporator and dried over vacuum oven. The product was obtained as 
a viscous light yellow oil in high yield (99%). 
1
H-NMR (δ, CDCl3): 7.81 (d, 4 H), 7.60 (d, 4 
H), 6.97 (s, 4 H), 4.10 (t, 4 H), 1.82 (m, 4 H), 1.49 (m, 4 H), 1.26 (m, 32 H), 0.87 (m, 6 H), 
0.39 (s, 18 H). 
13C NMR: δ 155.3, 138.7, 135.2, 133.1, 127.3, 127.1, 126.4, 126.3, 72.1, 32.3, 
30.2, 30.1, 30.0, 29.7, 26.5, 23.0, 14.4. HRMS (EI): calcd for C50H78O2S2Sn2, m/z 1012.3481; 
found, m/z 1012.1666. 
Polymer PTAz-2. Biphenyl-4,4”-diboronic acid bis(pinacol) ester (3, 0.205 g, 0.505 mmol), 
2 (0.649 g, 0.505 mmol), 2 M Na2CO3 solution (4 ml), toluene (8 ml), and 1 drop of Aliquat 
336 were added into a two-necked 25 ml RBF under N2. Three freeze-pump-thaw cycles were 
applied to degas the mixture. Pd(PPh3)4 (2.9 mg, 0.0025mmol) was added under N2 and then 
another two freeze-pump-thaw cycles were used. The reaction mixture warmed to room 
temperature and was transferred to an oil bath and refluxed for 3 days at 110 C. The reaction 
mixture was concentrated and dropwised into methanol (200 ml) with stirring after the 
polymerization completed. The collected green precipitates were washed with hexane and 
acetone, extracted with chloroform using a Soxhlet apparatus. The polymers were precipitated 
into methanol and dried. Finally, the polymers were directed used for the following 
characterization. 
1
H-NMR (δ, CDCl3): 8.50 (d, 2 H), 8.01 (s, 1 H), 7.67 (m, 9 H), 7.17 (m, 6 
H), 2.87 (t, 4 H), 2.59 (t, 4 H), 1. 73 (m, 4 H), 1.62 (m, 4 H), 1.45 (m, 4 H), 1.24 (m, 68 H), 
0.87 (t, 12 H). 
13C NMR: δ 141.3, 140.6, 140.5, 139.8, 139.5, 139.1, 137.1, 135.5, 133.8, 
132.5, 131.4, 128.1, 127.6, 126.7, 126.3, 124.4, 122.1, 32.3, 31.2, 31.1, 30.0, 29.7, 29.5, 23.1, 
14.4. FTIR (KBr):2920.2, 2850.0, 1570.0, 1496.5, 1464.4, 1407.8, 1001.5, 815.3, 763.2, 
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738.5. Anal Calcd for C86H120S4: C, 80.56; H, 9.43; S, 10.00. Found: C, 80.56; H, 9.23; S, 
9.47%. 
Polymer PTAz-3. Compound 4 (0.995 g, 0.984 mmol), 
1,3-dibromo-[2-(3-dodecylthienyl)]azulene (1, 0.77 g, 0. 984 mmol) and toluene (20ml) were 
added into a three-necked 100 ml RBF under N2 protection. The mixture was purged with N2 
for 1 hour. P(o-tolyl)3 (0.072 g, 0.24 mmol) and Pd2(dba)3 (0.054 g, 0. 059 mmol) were added 
under N2 and then another 20 min purge was applied. After the purge, the mixture was 
transferred to an oil bath and refluxed for 3 days at 100 C. The reaction was concentrated 
and dropwised into methanol (200 ml) with stirring after the polymerization completed. The 
collected brown precipitates were washed with hexane and acetone, extracted with 
chloroform using a Soxhlet apparatus. The polymers were precipitated into methanol and 
dried. Finally, the polymers were directly used for the following characterization.
 1
H-NMR (δ, 
CDCl3): 8.49 (d, 2 H), 7.98 (s, 1 H), 7.88 (d, 4 H), 7.65 (d, 4 H), 7.23 (m, 4 H), 7.04 (s, 2 H), 
4.15 (t, 4 H), 2.58 (t, 4 H), 1. 86 (m, 4 H), 1.61 (m, 4 H), 1.24 (m, 72 H), 0.87 (t, 12 H). 
13
C 
NMR: δ 153.8, 142.0, 140.4, 139.6, 139.1, 138.7, 137.0, 136.8, 134.0, 133.0, 131.8, 127.3, 
127.2, 125.8, 124.5, 122.1, 119.4, 114.6, 72.3, 32.3, 31.2, 30.0, 29.7, 29.6, 26.5, 23.1, 14.5. 
FTIR (KBr): 3023.8, 2921.2, 2850.5, 1606.0, 1567.2, 1548.8, 1498.6, 1465.0, 1376.8, 1307.7, 
1258.8, 1185.1, 1122.5, 1076.2, 1001.9, 944.5, 848.8, 816.6, 738.9, 720.4, 575.1, 492.5, 426.2. 
Anal Calcd for C86H120O2S4: C, 78.6; H, 9.2; S, 9.76. Found: C, 75.83; H, 9.00; S, 8.88%. 
Polymer PTAz-4. 2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (5, 0.255 g, 
0.66 mmol), 1,3-dibromo-[2-(3-dodecylthienyl)]azulene (1, 0.516 g, 0.66 mmol), 2 M 
Na2CO3 solution (8 ml), toluene (24 ml), and 1 drop of Aliquat 336 were added into a 
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two-necked 50 ml RBF under N2. Three freeze-pump-thaw cycles were applied to degas the 
mixture. Pd(PPh3)4 (3.8 mg, 0.0033mmol) was added under N2 and then another two 
freeze-pump-thaw cycles were used. The mixture was warmed to room temperature and 
transferred to an oil bath and refluxed for 3 days at 110 C. The reaction was concentrated and 
dropwised into methanol (200 ml) with stirring after the polymerization completed. The 
collected red precipitates were washed with hexane and acetone, extracted with chloroform 
using a Soxhlet apparatus. The polymers were precipitated into methanol and dried. Finally, 
the polymers were directly used for the following characterization. 
1
H-NMR (δ, CDCl3): 8.57 
(d, 2 H), 8.21 (s, 2 H), 8.10 (s, 1 H), 7.94 (s, 2 H), 7.68 (t, 1 H), 7.24 (t, 2 H), 2.71 (t, 4 H), 
1.69 (m, 4 H), 0.87(m, 36 H) 0.83 (t, 6 H). 
13C NMR: δ 153.2, 142.3, 140.5, 139.6, 139.2, 
138.6, 137.2, 134.3, 130.4, 126.2, 125.7, 124.6, 122.4, 32.3, 31.3, 30.0, 29.8, 29.7, 23.1, 14.5. 
FTIR (KBr):2918.6, 2848.8, 1570.2, 1486.5, 1454.6, 1384.9, 1304.4, 1200.1, 1086.7, 863.1, 
825.9, 737.3, 641.6, 575.8, 526.7. Anal Calcd for C48H62N2S3: C, 75.54; H, 8.19; N, 3.67; S, 
12.60. Found: C, 73.40; H, 7.78; N, 3.78, S, 12.26%. 
Polymer PTAz-5. Compound 1,3-dibromo-[2-(3-dodecylthienyl)]azulene (1, 0.392 g, 
0.499 mmol), 
2,6-bis(trimethylstannyl)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b′]dithiophene (6, 0.385 g, 
0.499 mmol) and toluene (15 ml) were added into a three-necked 100 ml RBF under N2 
protection. The reaction mixture was purged with N2 for 1 hour. P(o-tolyl)3 (0.036 g, 0.12 
mmol) and Pd2(dba)3 (0.0276 g, 0. 030 mmol) were added under N2 and then another 20 min 
purge was applied. After the purge, the reaction mixture was transferred to an oil bath and 
refluxed for 3 days at 100 C. The reaction mixture was concentrated and dropwised into 
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methanol (200 ml) with stirring after the polymerization completed. The collected green 
precipitates were washed with hexane and acetone, extracted with chloroform using a Soxhlet 
apparatus. The polymers were precipitated into methanol and dried. Finally, the polymers 
were directly used for the following characterization.
 1
H-NMR (δ, CDCl3): 8.54 (d, 2 H), 8.01 
(s, 1 H), 7.70 (t, 1 H), 7.53 (s, 2 H), 7.34 (s, 2 H), 7.23 (t, 2 H), 4.23 (t, 4 H), 2.61 (t, 4 H), 1. 
88-1.03 (m, 64 H), 0.98 (t, 6 H), 0.85 (t, 6 H). 
13C NMR: δ 144.4, 142.1, 140.4, 139.8, 137.2, 
136.6, 133.0, 132.9, 129.6, 127.8, 124.7, 122.0, 115.9, 41.1, 32.3, 31.2, 30.9, 30.1, 29.8, 29.7, 
24.3, 23.6, 23.1, 14.6, 14.5, 14.1, 12.8, 11.8. FTIR (KBr): 3501.1, 2921.5, 2851.6, 1650.7, 
1569.9, 1534.5, 1455.9, 1360.5, 1305.3, 1262.2, 1163.4, 1037.0, 945.7, 875.4, 818.4, 738.6, 
574.8, 549.5, 426.8. Anal Calcd for C68H96O2S4: C, 76.06; H, 9.01; S, 11.95. Found: C, 75.18; 
H, 8.65; S, 10.50%. 
3.3 Results and Discussion 
3.3.1 Design of NIR Absorptive Polymers 
 
Scheme 3.1 Structures of polymers PTAzs. 
 
As illustrated in the Chapter 2, azulenylium ion generated upon the protonation of azulene, 
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becomes a powerful acceptor and induces a strong D-A interaction and effective ICT. 
Coupling reaction between azulenes and conjugated functional groups with different electron 
densities were conducted to tailor the bandgap and NIR absorption of azulene-containing 
polymers. In order to narrow the HOMO–LUMO energy bandgap (E)), extension of 
conjugated length was used in polymer PTAz-2 (Scheme 3.1). Electron-donor (alkoxy) and 
electron-withdrawing group (benzo[c][1,2,5]thiadiazole (BT)) were applied and incorporated 
to polymer PTAz-3 (increase HOMO) and PTAz-4 (decrease LUMO) for narrowing the 
bandgap, respectively. Additionally, rigid, planar and electon-rich conjugated 
benzodithiophene (BDT), which could significantly lower E than other conjugated systems, 
was incorporated into the polymer PTAz-5. 
3.3.2 Synthesis and Characterization 
Scheme 3.2 shows polymers PTAz-2 to PTAz-5 were synthesized from via Suzuki or Stille 
Coupling from compound 1,3-dibromo-[2-(3-alkylthienyl)]azulene (1). Polymer PTAz-2 and 
PTAz-4 were obtained via typical Suzuki Coupling by using Pd(PPh3)4 as catalysts in Na2CO3 
solution (2M) and toluene at 110 °C for 3 days, while polymer PTAz-3 and PTAz-5 were 
synthesized via Stille Coupling by using Pd2(dba)3 as catalysts and P(o-tolyl)3 as ligands in 
toluene at 100 °C for 3 days 
Coupling reaction between thiophene boron ester and 1,3-(2- alkylthienyl)-azulene was 
done, followed by the bromination of resulted compound to form product 2. Compound 3 and 
product 2 were polymerized to generate dark green polymer PTAz-2 (yield: 80%). 
Polymerization reaction between molecule 1 and 2,1,3-benzothiadiazole-4,7-bis(boronic acid 
pinacol ester) (5) afforded the red polymer PTAz-4 (yield: 67%). Because it’s difficulty to 
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synthesize the relevant diboronic pinacol ester, Stille Coupling was applied to polymers 
PTAz-3 and PTAz-5. In details, the Stille Coupling of molecule 1 with compound 4 and 6 tin 
reagents by using Pd2(dba)3 as catalysts and P(o-tolyl)3 as ligands afforded polymers PTAz-3 
and PTAz-5, respectively, in good yields. These polymers were purified through repeated 
precipitation from methanol, Soxhlet extraction and dried in a vacuum oven. These polymers 
show good solubility in common organic solvents such as toluene, chloroform, 
dichloromethane, and THF. GPC results against polystyrene standards for the polymers show 
number-average molecular weight (Mn) values between 25838 and 48585 with a PDI in a 




C-NMR, elemental analysis and mass spectroscopy. 
 
 
Scheme 3.2 The synthesis of the polymers. 
 
TGA under air was done to examine the thermal stability of polymers. All the polymers 
except polymer PTAz-5 showed good stability with Td in the range of 401 and 450 °C. The 
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low Td about 350 °C for polymer PTAz-5 mostly results from removing the alkoxy groups of 
corresponding BDT units, which is similar to the literature.
[125]
 Such polymers own good 
solubility and can be fabricated into uniform thin films onto various substrates such as glass 
slides and ITO glass via drop-casting or spin-coating. The greenish film of PTAz-2 shown in 
Figure 3.1, examined by atomic force microscopy (AFM) and scanning electron microscope 
(SEM), was very homogeneous and smooth with the measured root mean square value of 
0.437 nm, indicating the promising potential for the fabrication of devices. 
 
Table 3.1 GPC, DSC and TGA results. 
Polymers Mw Mn PDI Td   Tg  
PTAz-1 89479 40700 2.3 457  62.0 
PTAz-2 45352 35024 1.29 456  66.5 
PTAz-3 73048 48585 1.5 401  37.5 
PTAz-4 49248 25838 1.9 447  31.0 




Figure 3.1 Photos of polymer PTAz-2: (a) SEM and (b) AFM. 
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3.3.3 Photophysical Properties Studies 
  Figure 3.2 exhibits the UV-vis spectra of the neutral polymers in chloroform solution, 
which are greatly affected by related conjugated structures. One -* transition induced 
absorption band at 380 nm was observed for neutral PTAz-1. Upon adding extra thiophene 
units to polymer PTAz-1, the extended conjugation length for polymer PTAz-2 induces red 
shift of the main absorption to 400 nm. Bathochromic shift for the major absorption can be 
further achieved via using electron-rich (alkoxy) or good planar segments in polymer 
backbone. Rigid and planar BDT unit has efficient effect on lower the bandgap and is widely 
used in various conjugated systems. Alkoxy unit as an electron-rich moiety can increase the 
electron densities of conjugated systems.
[126]
 Therefore, in comparison with polymer PTAz-1, 
bathochromic shifts: 50 and 62 nm were displayed for polymers PTAz-3 and PTAz-5, 
respectively. Remarkable 150 nm red shift was observed when incorporating 
electron-withdrawing benzothiadiazole (BT) unit into the polymer PTAz-4. The introduction 
of BT in polymer PTAz-4 leads to the more effective D(azulene)-A(BT) interaction and 
generates dual-band absorption which is typical for a D-A system. This long-wavelength 
absorption is assigned to the intramolecular π-π* transition. 
 




Figure 3.3 (a) UV-vis-NIR spectra as a function of TFA concentration for PTAz-2; (b) 
UV-vis-NIR spectra change as a function of time for PTAz-2 at 50 °C in 30% TFA solution.  
 
Strikingly, significant change in spectra and color were found when polymers were treated 
with TFA (Figure 3.3). For example, adding TFA into polymer PTAz-2 in CHCl3 solution 
leaded to instant and distinct color change from green to blue indigo. Such color change 
normally corresponds to the spectral change. That is to say, the protonation process for 
polymer PTAz-2 leads to occurrence of new peaks in both visible and NIR region and the 
decrease of the -* transition induced original absorption band at 400 nm. As shown in 
Figure 3.3a, with the increase of TFA concentration, a rise in absorption intensities for newly 
formed peaks at visible (~677 nm) and NIR (~1900 nm) is concomitant with the gradual 
bleaching of original absorption band. When TFA concentration reached 30%, the spectral 
change becomes minor, suggesting an acid saturation as depicted in Chapter 2. Additionally, 
an isosbestic point is found at 460 nm consistent with two inter-converting optically different 
phases observed in the solution. Acid effect on protonation of azulene-containing polymers 
was also studied. Addition of 30% acetic acid (v/v) to polymer PTAz-2 leaded to no obvious 
spectral change. In other words, the occurrence of new absorption bands or the decrease of 
original absorption band was not observed. Therefore, the acidity (pKa) is supposed to 
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determine the protonation process because TFA owns a larger acidity ((pKa = -0.25) than that 
of acetic acid ((pKa = 4.8). 
  Similar to the polymers reported in Chapter 2, the protonated polymers were quite stable in 
solution. As shown in Figure 3.3b, the stability of PTAz-2 in chloroform/TFA solution at 
50 °C was examined by UV-vis-NIR spectrometer. The spectra did not exhibit much change 
upon 3 hours. Moreover, the polymer in chloroform/TFA solution also displayed no obvious 
change if sealed in a cuvette for months, indicating the PTAzs are stable enough for the 
fabrication of organic electronics. 
 
Figure 3.4 (a) UV-vis-NIR spectra of PTAzs in CHCl3/TFA (v/v, 7/3); (b) Photos of PTAzs in 
CHCl3 (left); and PTAzs in CHCl3/TFA (v/v, 7/3) (right).  
 
As shown in Figure 3.4a, upon the treatment of TFA, other polymers PTAzs all exhibited 
distinct optical change. In 30% TFA–chloroform solution, PTAz-1 to PTAz-5 showed 
absorption maxima at 1530, 2200, 2500, 1906, and 2100 nm, respectively, covering nearly the 
whole NIR range through careful “molecular engineering” method of polymer backbone. The 
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maximum absorption of 2500 nm is the longest wavelength among the reported conjugated 
chromophores. These stable protonated polymers with controllable NIR absorption could be 
fabricated to NIR devices such as organic NIR sensors or photodetectors, offering an 
alternative for their inorganic counterparts. In addition, the remarkable color change for 
neutral and protonated polymers PTAzs is also shown in Figure 3.4b. 
 
Figure 3.5 Upper: HOMOs and LUMOs distributions for model compound in neutral and 
protonated states; Bottom: Structure for model compound. 
 
As depicted in Chapter 2, upon protonation of azulene, weak electron-donor azulene was 
transferred to a powerful electron-acceptor azulenylium ion via inducing electron drift from 
the seven-membered ring to the five-membered ring of azulene and forming the stable 
cycloheptatrienyl (tropylium) cation, which leads to the strong D-A interaction. Such strong 
D-A interaction generates effective charge separation and then ICT transition, which finally 
results in NIR absorption. 
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DFT simulations for model compounds of the polymers were done to further study the ICT 
transitions and related optical behaviours (Figure 3.5). As expected, in comparison with the 
dihedral angle between the azulene unit and its neighboring thiophene unit for neutral model 
compounds (45.1-46.9), the calculated dihedral angle for protonated model compound is 
greatly increased to 100.7, which results from the change of the sp2 carbon to sp3 carbon by 
protonation. Additionally, due to the formation of carbocation induced hyperconjugation with 
its neighbouring double bonds, the conjugation is not broken by the protonation. Meanwhile, 
the HOMOs and LUMOs for model compound were also calculated. For neutral compound, 
the HOMO is mainly delocalized on monomeric unit, while the LUMO is located on one 
azulene unit on the same end. Upon the protonation, the HOMO is delocalized on 
thiophene-azulene-thiophene-thiophene-benzene rings on one side, while the LUMO is 
localized on protonated azulene unit on another side. Therefore, protonation of polymer leads 
to a large charge separation in polymer backbone and efficient ICT transition, which then 
generates the narrow bandgap and NIR absorption. 
 
 
Figure 3.6 (a) CV for PTAz-2 in the absence of TFA and (b) CV for PTAz-2 in the presence 




3.3.4 Electrochemical Properties and Electrochromic Performance 
CV was done to examine the electrochemical properties of polymers in the supporting 
electrolyte using 0.1 M lithium percolate in anhydrous acetonitrile solution against the 
Ag/AgCl as reference electrode. In acetonitrile solution, the PTAz-2 displayed one 
irreversible oxidation wave with half-wave potential at 0.57 V (Figure 3.6). In 
acetonitrile/TFA (v/v, 85/15) solution, the PTAz-2 demonstrated two quasi-reversible 
oxidation waves with half-wave potentials at 0.4 V and 0.95 V. Similar CV behaviours for 
other polymers with/without the presence TFA were found. As shown in Figure 3.6, 
protonation is supposed to lower the oxidation potential and increase the conductivity of the 
polymer films. Therefore, lower half-wave oxidation potentials for polymers are found in the 
presence of TFA, indicating the stabilized azulenylium ions are generated. Additionally, the 
peak current of the PTAz-2 in the absence of TFA solution is 3 times lower than that of the 
PTAz-2 with the presence of TFA. Under this circumstance, the enhanced current and 
electron transport should result from the generation of azulenylium structure. 
 
Figure 3.7 Switching time characteristics of PTAz-2 between reduced potential (− 0.4 V ) 
and oxidative potential (+ 1.2 V) in acetonitrile in the presence (red line) and in the absence 
(black line) of 15% TFA at an absorbance of 1600 nm, with coloration and bleach for 20 s (a) 




 Electrochromic devices based on PTAzs were fabricated and examined by UV-vis-NIR 
spectrometer to develop their promising electrochromic performance. All these polymers 
displayed good electrochormic stability in the absence or in the presence of TFA. In 
comparison with dynamic contrast for polymers without TFA, dynamic contrast for polymers 
in TFA is much higher under different switching steps of 20s/50s coloration and bleach. 
Figure 3.7 displays the dynamic switching characteristics of polymer PTAz-2 with or without 
the presence of TFA at 20/50 s step, which was studied at an absorbance of 1600 nm with 
potential stepped between reduced voltage (-0.4 V) and oxidative voltage (1.2 V). PTAz-2 
with or without the presence of TFA all exhibit great electrochromic stability at 20/50 s step. 
However, the protonated PTAz-2 displays the optical contrast which is much higher than that 
of neutral one in both dynamic switching steps, resulting from the generation of azulenylium 
structure and thus the enhanced electron transport and reduced voltage loss.
 [105, 127] 
 
Additionally, electrochromic stability was not affected by protonation, suggesting protonated 
polymers are kinetic stable under this dynamic switching condition. Therefore, these 
protonated PTAzs are very promising for the fabrication of devices. 
3.4 Conclusions 
A series of novel azulene-containing conjugated polymers with controllable and broad 
absorption in the range of 1.0 to 2.5 m were reported. DFT calculation validated that the ICT 
transitions resulted in the newly formed absorption bands. Additionally, these polymers 
displayed good solubility, easy film formation and good thermal stability. Electrochromic 
properties of these polymers were examined. The protonated polymers all exhibit enhanced 
stability and contrast. 
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Chapter 4 The Origin of NIR Absorption for Azulene-Containing 
Conjugated Polymers upon Protonation / Oxidation 
4.1 Introduction 
In the Chapter 2 and 3, protonation of azulene and related applications are systematically 
discussed. Polymer upon protonation could exhibit significant and tuneable NIR absorption 
up to 2.5 μm, which may be used for a wide range of NIR applications. 
In addition to protonation, it has also been demonstrated that anodic potentials or strong 
oxidants can lead to the decrease of band gap and occurrence of NIR absorption.
[99, 128]
 A 
commonly accepted model for this phenomenon is the formation of polarons, bipolarons or 
polaron pairs with a non-degenerate ground state.
[129]
 A polaron is simply a radical cation or 
anion which is associated with a geometrical deformation delocalized over a limited number 
of monomeric units.
[55]
 When doping level is increased, an extra polaron is formed. These two 
polarons can coalesce into a bipolaron. However, polaron pairs are generated if the distance 
between the two polarons is large enough to inhibit the formation of bipolaron. Polarons are 
also the essential charge carriers in sensors, solar cells and electrochromic devices (ECD) 
with great electronic effect.
[101e]
 Conjugated polymers such as polythiophenes and 
polyfluorenes with eletrochromic behavior are extensively studied due to their good 
conductivity, stability and high contrast. Under anodic or cathodic potential, these polymers 
all exhibit reduced band-gap with the extended maximum absorption into NIR range.  
Though many researches have been done on the protonation and oxidation, the mechanism 
and difference between the protonation and oxidation induced long-wavelength absorption are 
not fully differentiated and summarized. In previous work, researches mainly focused on one 
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method of band-gap tuning, although use of different method in a single system could provide 
a facile way to get chromophores with tunable band-gap and various applications. In this 
study, protonation, chemical oxidation and electro-chemical oxidation induced 
long-wavelength absorption in azulene based system are systematically studied for 
elucidating the underlining mechanism.  
Strikingly, addition of peroxide, which induces chemical oxidation, into protonated 
polymer in TFA/CHCl3 solution leads to the appearance of new absorption band and decrease 
of previously protonation/ICT induced band in NIR region, i.e. small amount of peroxide 
could alter the overall optical and electronic properties of protonated polymer. Such spectral 
change should be attributed to the formation of the radical cation via the simultaneous use of 
optical spectroscopy, ESR spectroscopy and DFT calculation. Electro-chemical oxidation 
with/without the TFA was also examined. Similar to the previous reports, polarons and 
polaron pairs are the origin of NIR absorption under the electro-chemical oxidation. In 
addition, electro-chemical oxidation potential could be lowered with the catalytic effect of 
TFA. That is, desired NIR absorption could be obtained at a lower applied voltage with the 
aid of TFA. 
In this study, a simple and controllable way to obtain tunable NIR absorption could be 
achieved through varying the TFA concentration, TFA/peroxide ratio or applied voltage. This 
study may also provide an alternative guide for future NIR research. 
4.2 Experimental Section 
4.2.1 Materials 
  Four conjugated polymers based on the poly(thenyl-azulene)s (PTAzs) were synthesized as 
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Scheme 4.1 Chemical structures of the azulene-containing conjugated polymers. 
4.2.2 Equipment 
  UV-vis-NIR spectra were performed on Agilent Cary 5000 and Shimadzu UV-3600. 
UV-vis-NIR spectra for electro-chemical oxidation was conducted on Shimadzu UV-3600. 
CV measurements were conducted on Autolab PGSTAT 30 electrochemical workstation. The 
solutions of polymers dissolved in p-xylene were spin-coated onto ITO electrodes laminated 
on PET substrates to form thin films. Ag/AgCl, platinum foil and ITO/PET were used as the 
reference electrode, counter electrode and working electrode, respectively. For in-situ 
spectro-electrochemical characterization, EC layer was placed in a three-electrode cell with 
silver wire as a reference electrode and Pt wire as a counter electrode in a cell (cuvette), and 
tested by a Shimadzu UV-3600 UV-vis-NIR spectrophotometer and an Autolab PGSTAT30 
electrochemical workstation. 0.1M LiClO4/acetonitrile and 0.1M LiClO4/acetonitrile with 
15vol%TFA were used as electrolytes. meta-chloroperoxybenzoic acid (m-CPBA) solution 
was obtained by dissolving 0.1 g m-CPBA in 2 ml chloroform. Room temperature X-band 
EPR was performed on a commercial JEOL FA200 ESR SPECTROMETER. All calculations 
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were performed with the Gaussian 09 program employing the Becke Three Parameter Hybrid 
Functionals Lee−Yang−Parr (B3LYP) in conjunction with the 6-31G(d) basis set.[132, 133]  
4.3 Results and discussion 
4.3.1 Solution State Properties 
  Four azulene containing polymers (PTAzs) listed in Scheme 4.1 were synthesized through 
Suzuki and Stille Coupling. 
 
Figure 4.1 (a) UV-vis spectra of PTAzs chloroform solution; (b) UV-vis-NIR spectra of 
PTAzs in TFA/chloroform (v/v, 3/7) solution. 
 
4.3.1.1 Optical Spectroscopy 
As shown in Figure 4.1, all PTAzs showed a strong absorption band in the visible range 
due to the π-π* transition. PTAz-3 showed two absorption maxima at 325 and 528 nm. The 
low-wavelength absorption peak is attributed to the π-π* transition whereas the 
high-wavelength absorption peak is resulted from the intramolecular π-π* transition due to 
D-A interaction. Compared with PTAz-1, bathochromic shift of 20 and 52 nm was obtained 
by PTAz-2 and PTAz-4, respectively through the extension of conjugation length and 
substitution of strong electron-donor (alkoxy-thiophene). 
More strikingly, significant optical change happened when PTAzs underwent treatments: 
protonation, chemical oxidation and electro-chemical oxidation (Figure 4.2). Here, PTAz-2 is 
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used as an example. Upon the addition of 10% TFA, protonation of polymers afforded a new 






















 10 % TFA
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Figure 4.2 UV-vis-NIR spectra of PTAz-2 under various conditions: in chloroform (black 
line), in TFA/chloroform (red line, v/v, 1/9), in TFA/m-CPBA/chloroform (blue line, v/v/v, 
1/3/6) and electro-chemical oxidation (green line). 
 
transition with peak at 677 nm as well as a broad transition in the infrared region (1500–2200 
nm) while the π-π* transition bleached. Scheme 4.2 indicates the process of converting 
neutral PTAz-2 to ion PTAz-2 upon protonation via attaching one proton to five-membered 
ring of azulene. (Di-PTAz-2 is used as a surrogate for representative dimer of PTAz-2 and 
DFT calculation.) Under this circumstance, azulenylium ion became a very powerful electron  
 




Figure 4.3 (a) UV-vis-NIR spectra change of PTAz-2 as a function of m-CPBA 
concentration in chloroform/TFA solution; (b) UV-vis-NIR spectra change of PTAz-2 as a 
function of TFA concentration in chloroform/m-CPBA solution; (c) Absorbance study of 
PTAz-2 as a function of m-CPBA concentration in chloroform/10% TFA solution at 1105 and 
1860 nm; (d) UV-vis-NIR spectra change of PTAz-2 as a function of BPO concentration in 
chloroform/TFA solution; (d) UV-vis-NIR spectra change of PTAz-2 as a function of time in 
chloroform/TFA/m-CPBA (v/v/v, 88.3/10/1.7); (e) Dynamic absorbance study of PTAz-2 as a 
function of time in chloroform/TFA/m-CPBA (v/v/v, 88.3/10/1.7) solution at 680 nm; (f) 
Dynamic absorbance study of PTAz-2 as a function of time in chloroform/TFA/m-CPBA 
(v/v/v, 88.3/10/1.7) solution at 1100 nm. 
 
acceptor and resulted in the efficient charge separation. Based on previous researches, newly 
appeared peak in the infrared region was attributed to the charge separation and ICT. 
Interestingly, the protonation-deprotonation process in solution or solid state was reversible. 
Further addition of m-CPBA led to the strong and blue shifted absorption at 1105 nm. 
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Moreover, distinct and broad NIR absorption bands were generated under the 
electro-chemical oxidation. The chemical oxidation and electro-chemical oxidation will be 
discussed in details later. 
Chemical oxidation of PTAz-2 in chloroform/TFA/meta-chloroperoxybenzoic acid 
(m-CPBA) (or benzoyl peroxide (BPO)) solution was also studied (Figure 4.3). In the 
chloroform/TFA/m-CPBA (v/v/v, 88.3/10/1.7) solution, absorbance intensities at 680 nm of 
PTAz-2 changed rapidly as a function of time up to 400 s. Then, the absorbance intensities 
decreased a bit and remained relatively stable with small variations. Concerned about this 
phenomenon, UV-vis-NIR spectra of PTAz-2 was conducted after the solution was kept for 
15 min, which resulted in stable spectrum. Likewise, absorbance intensities increased rapidly 
as a linear function of time at 1100 nm. After 500 s, absorbance intensities, which still 
maintained a linear relation with time, continued increasing slowly (Figure 4.3e and f). The 
different trend as a function of time in absorbance intensities and UV-vis-NIR spectra change 
of PTAz-2 as a function of m-CPBA concentration, which is discussed below, indicates 
distinct origin of absorption band at 680 and 1100 nm. 
   Compared with protonation, an extra peak centered at 1105 nm appeared when 3% 
m-CPBA was added to the chloroform/TFA solution. Further increase of m-CPBA 
concentration from 5 % to 15% leaded to continuing increase of absorption intensities at 1105 
nm, but significantly decreased absorption intensities at 1860 nm. As the concentration 
reached 20%, the absorption bands at 1105 and 1860 nm remained stable with little variations. 
However, the absorption intensity (680 nm) resulted from the formation of azulenylium ions 




  The newly appearing peak in the NIR region (1105 nm) should be attributed to the radical 
cation resulted from chemical oxidation of peroxide. Aromatic peracids (m-CPBA) represent 
a class of strong oxidants, characterized by high selectivity in the oxidation of nonactivated 
C-H bands.
[134]
 m-CPBA could exhibit more prominent radical process for its less activated 
property. However, the spectrum remained unchanged upon the addition of m-CPBA only 
(Figure 4.3b). Other strong oxidants such as benzoyl peroxide (BPO) and hydrogen peroxide 
(H2O2) were also studied and showed similar phenomenon as m-CPBA. Newly formed 
absorption band can appear only when both TFA and aromatic peroxide were added into the 
solution. It has been shown that oxidation process could be initiated and promoted by acid.
[135]
 
In details, PTAz-2 could be protonated by the acid first. The protonated species can then 
undergo nucleophilic attack by peroxide which results in the formation of radical cation, 
leading to the formation of new absorption band. Similar to the protonation, this chemical 
oxidation is determined by the pH value. For example, the spectrum did not show any change 
upon the addition of acetic acid and m-CPBA. However, similar spectrum could be obtained 
through adding methanesulfonic acid and m-CPBA. It’s supposed only strong acid such as 
TFA (pKa = 0.23) and methanesulfonic acid (pKa = -1.9) rather than weak acid like acetic 
acid (pKa = 4.75) could lead to the protonation or chemical oxidation with the presence of 
peroxide. 
  UV-vis-NIR spectra change of PTAz-2 as a function of TFA concentration in 
chloroform/m-CPBA solution was also studied. Similar to protonation process, a rise in TFA 
concentration afforded enhancement of protonation and increased absorption intensities in 
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both visible and NIR region (680 and 1900 nm) while the π-π* transition of the neutral state 
gradually disappeared. Additionally, it is assumed that the electrophilic nature of the oxidant 
could be further enhanced by protonation.
[136]
 Hence, absorbance intensity at 1105 nm was 
also promoted upon further addition of TFA. 
 
 
Figure 4.4 Spatial distributions of the calculated HOMOs and LUMOs of model compounds 
Di-PTAz-2 at protonation and chemical oxidation states. 
 
  Solution oxidation of PTAz-2 as a function of BPO concentration gives results very similar 
to what was described for m-CPBA above. The spectrum changed dramatically even at the 
lower concentration of BPO, which may indicate the oxidation potential of BPO is strong 
than that of m-CPBA. Though chemical oxidation showed outstanding spectra change upon 
adding TFA and small quantity of BPO, the system is quite stable in a seal cuvette. The 
UV-vis-NIR study showed spectra with small variations in a sealed system for hours  
DFT calculations reproduced well the spectral behaviour of protonated states for polymers 
(Figure 4.4).
[133] 
The calculated dihedral angles of protonated Di-PTAzs are all much larger 
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than those of neutral compounds, indicating the transition from sp
2
 carbon to sp
3
 carbon. 
Di-PTAz-2 was here used as an example to study the charge separation. The HOMO in the 
protonated Di-PTAz-2 is delocalized on monomeric unit and azulenes, while the LUMO is 
mainly delocalized on one azulene unit at one side. A large charge separation and effective 
ICT resulted by protonation then lead to a lower HOMO-LUMO band gap and absorbance 
band at long wavelength. Upon the addition of m-CPBA, the HOMO now is delocalized the 
whole backbone except one azulene-bithiophene unit, while LUMO is merely delocalized on 
one azulene unit. Though ICT could also be generated by the chemical oxidation, the charge 
separation is not as effective as that of protonation. 
























Figure 4.5 ESR spectrum of PTAz-2 in chloroform/TFA/m-CPBA (v/v/v, 75/10/15) solution 
(blue line), PTAz-2 in chloroform/TFA/ (v/v, 90/10) solution (red line) and 
chloroform/TFA/m-CPBA (v/v/v, 75/10/15) without PTAz-2 (black line). 
 
Oscillation strength and excitation energies were studied by time-dependent (TD)-DFT 
calculation (See the Appendix Table S 4.1). Under protonation and chemical oxidation , the 
first 20 singlet-singlet transition energies were calculated for Di-PTAz-2. Moreover, the 
calculated maximum absorption for protonation and chemical oxidation is 2109.19 
(oscillation strength f=0.1291) and 1685.55 (0.6346) nm, respectively, which match well with 
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the experimental trend. Therefore, a combinational effect of protonation and radical cation 
could lead to the blue shift of absorbance band. 
4.3.1.2 Electron Spinning Resonance Spectroscopy 
  Electron spining resonance (ESR) spectroscopy of four polymers in solution all showed 
strong signal and confirmed the presence of paramagnetic radical cation upon oxidation. Here, 
PTAz-2 is used as the example. As shown in Figure 4.5, PTAz-2 in chloroform/TFA and 
solution without PTAz-2 didn’t show any signal. PTAz-2 in chloroform/TFA/m-CPBA 
exhibited the strong ESR signal. The radical cation of PTAz-2 has an ESR signal centered at a 
g value of 2.00248 with a peak-to-peak width of 4 G. No hyperfine coupling was observed, 
which could be attributed to the delocalization of the radical cation wave function. 
4.3.2 Solid State Properties 
4.3.2.1 In-situ UV-vis-NIR Spectroelectrochemistry without TFA 
 
Figure 4.6 UV-vis-NIR spectra of PTAz-2 under different potentials conducted in (a) 0.1 M 
LiClO4-acetonitrile solution and (b) 0.1 M LiClO4-acetonitrile/TFA (v/v, 85/15) solution. 
 
Spectroelectrochemistry acts as an indispensable role in studying the optical changes that 
occur upon doping or dedoping of an electrochromic film.
[100]
 The in-situ UV-vis-NIR spectra 
obtained during the electrochemical doping of polymers are presented in Figure 4.6. Since 
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high positive potentials decreased the stability of the polymer films, such potentials were 
avoided. Neutral films displayed only the π-π* transition at 385, 545, 413 and 451 nm for 
PTAz-1, PTAz-2, PTAz-3 and PTAz-4, respectively. Redshifts in positions of long 
wavelength maxima were observed in thin film spectra compared with the spectra in solutions 
indicate the expected more coplanar structure in the solid state compared with solution state 
for all four systems. 
 
 
Scheme 4.3 Simplified picture of Di-PTAz-2 under oxidation. 
 
These polymers exhibited similar trend when the potential was increased stepwise. PTAz-2 
was here used an example to demonstrate UV-vis-NIR spectra under doping process. The 
spectrum remained nearly unchanged when the potential was increased stepwise from -1.6 V 
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to 0.6 V. As the potential was increased to 0.8 V, the absorption band (413 nm) from neutral 
polymer diminished, while two broad bands emerged at 648 and 1400 nm. Both newly formed 
absorption peaks increased in intensity with increased doping level to 1.6 V and gradually 
shifted to lower wavelengths, accompanied by the decreased absorbance intensities at 413 nm. 
As shown in Scheme 4.3, at lower positive potentials, the newly formed peaks in both visible 
and NIR region are ascribed to the radical cation (polaron), which is confined to a limited 
number of monomeric units. As a result of the characteristic strong coupling of the electronic 
structure with the geometric structure for pi-conjugated materials, this deformation causes 
new electronic states to appear within the π-π* band gap of the polymer.[101b] With increasing 
doping levels, more than one charge is removed from a single chain. Absorption band in the 
NIR region gradually blue-shifted as it increased intensity. Based on previous researches, two 
polarons on a single chain rather than bipolaron is formed.
[55, 101e]
 At a high doping level, 
PTAz-2 doesn’t display classic polaron spectra: transition from polarons to bipolarons leads 
to a suppression of the transition between the two in-gap levels and that the remaining 
absorptions shifted to higher energies. For polymers, the distance between the polarons is 
large enough to inhibit the recombination of the two polarons into a bipolaron, because the 
energy gained from the decrease in the Coulomb repulsion is supposed to be greater than the 
energy lost by creating two geometrical deformations instead of one. Meanwhile, the presence 
of two equally intense peaks (620 and 1099 nm) at the doubly oxidized state is not compatible 
with a bipolaron structure, for which only one strong absorption band is expected. Instead, 
this phenomenon is resulted by two separated polarons on a single chain. Therefore, polaron 
pairs are formed at high doping level for polymers. 
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4.3.2.2 In-situ UV-vis-NIR Spectroelectrochemistry with TFA 
  In addition, TFA influence on spectroelectrochemistry behaviour was also examined. At the 
same applied voltage, PTAz-2 in acid exhibits higher intensity of NIR absorption than that 
conducted in neutral electrolyte, which corresponds well with the fact that acid can lower the 
oxidation potential of materials. Protonation could also improve the electron transport in 
polymer film with less voltage loss, leading to the evenly applied potential. Finally, 
absorption band at 1099 nm generated by polaron pairs can also be observed under the 
electro-chemical oxidation when the potential reached 1.4 V, indicating oxidation process 
played a major part at a high voltage level. The influence of TFA on chemical oxidation and 
electro-chemical oxidation is quite similar based on the study. In other words, TFA mainly has 
two roles: (1) protonation and (2) lowering the oxidation potential as acid-catalysed process. 
  In order to gain insight into the electronic nature of positively charged PTAzs in neutral 
electrolyte, DFT on dimer model compounds using the Gaussian 09 program were performed 
(See the Appendix Table S4.2). 
The neutral Di-PTAz-2 mainly shows absorption band at 459.4 nm (oscillation strength 
f=1.8409), which is quite similar to experimental data. After removal of one electron, 
absorbance intensity at 459 nm decreases with the occurrence of two peaks at 4847 (0.5731) 
and 1705 nm (0.1697). The absorption of 1705 nm is similar to the value as found in spectra 
in Figure 4.6a, while another peak at 4847 nm is beyond the limit of UV-vis-NIR 
spectrometer. Recently, Nöll and Anna Österholm all proposed that polaron absorption should 
be found at wavelengths above 2500 nm.
[55, 128]
 Upon further oxidation, absorption band at 
1758 nm (1.0277) is formed, which shows higher oscillation strength than other band. This is 
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in good agreement with Anna Österholm’s study on polyazulene at high doping level. For the 
double oxidized form, both singlet and triplet states were calculated. Triplet state, has lower 
total energy, is then more stable than the singlet state. Based on calculation, polaron of 
Di-PTAz-2 has one spin and double oxidized Di-PTAz-2 has two spins (See the Appendix). 
Hence, double-oxidized, spinless species (polaron pairs/triplet states) are formed at high 
doping level. Meanwhile, the dihedral angles (particularly those between azulene and 
thiophene) decrease as the degree of oxidization increases. 
4.4 Conclusions 
In this work, NIR absorption mechanism for azulene-containing polymers upon protonation 
and oxidation are studied. On the basis of experimental results and DFT, it is ICT that leads to 
the remarkable lowering of band gap after protonation. Electron spinning resonance 
confirmed the presence of radical cation generated by chemical oxidation of peroxide. The 
oxidation can be accelerated by strong organic acid. In addition, the energy transition bands 
generated by polarons and polaron pairs were observed at similar wavelengths and closely 
overlapped in films. Both experimental results and DFT propose that polaron pairs rather than 
bipolaron are generated in polymer films at higher doping levels. Moreover, it’s shown that 
TFA could have a profound effect in promoting the chemical oxidation and electro-chemical 
oxidation. Distinct and imposing NIR absorption could be obtained in a single system via 
adopting different methods. A better understanding of the phenomenon and related 





Chapter 5 Shifting of Electron-Accepting Center Induced by 
Protonation in Charge Transfer Molecules 
5.1 Introduction 
  In the Chapter 3 and 4, an interesting phenomenon is found. In details, the coupling with 
either electron-withdrawing BT units or electron-rich BDT units with azulene generated 
similar ICT transition. Based on the initial assumption, upon protonation, polymer containing 
BT and azulene should display hypsochromic absorption, which was actually not observed. In 
Chapter 5, a series of novel chromophores containing BT and azulene were designed in order 
to understand the ICT transitions in BT-azulene chromophores and develop an alternative 
method to tailoring the bandgap and NIR absorption. In neutral chromophores, azulene 
performs as a donor and BT acts as an acceptor, which leads to the electron drift from azulene 
to BT in the molecules. In the protonated chromophores, azulene is protonated and becomes a 
strong electron-acceptor azulenylium ion, while BT now transfers into a weaker donor or 
π-spacer, generating a novel ICT system. Such behavior after protonation clarifies the 
hypsochromic absorption for polymer containing BT and azulene in Chapter 3. The shifting 
of electron-accepting center and major absorption between 1300 and 2000 nm generated by 
the powerful electron-withdrawing property of azulenylium ion allow for the applications of 
NIR telecommunication and NIR electrochromic switching. Moreover, it is not 
interchangeable for the roles of donor and acceptor in commonly reported chromophores. In 
this research, the protonation induces the shifting of electron-accepting center, making the 
conjugated materials with chameleonic properties and offering an easy way to tailor the 
electronic and optical properties of those chromophores (Scheme 5.1). Additionally, 
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systematic experimental and DFT studies unveil the principle for charge transfer in ICT 
molecules. 
5.2 Experimental Section 
5.2.1 Materials 
  Tri(o-tolyl)phosphine, biphenyl-4,4'-diboronic acid bis(pinacol) ester (95%), azulene 
(99%), methyltin trichloride (97%), magnesium turnings and 3-bromothiophene (97%) were 
purchased from Alfa Aesar. n-BuLi and Ni(dppp)Cl2 were purchased from Acros Organics. 
2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (95%), 1-bromododecane (97%), 
NBS  (97%), potassium acetate (99%) and bis(pinacolato)diboron (99%) were bought form 
Sigma Aldrich. Compound 
4-(4,4,5,5-tetramethyl-1,3,2-dioxaboralan-2-yl)-2,1,3-benzothiadiazole were synthesized 
according to literatures.
[137]
 Dry THF was obtained via distillation from Na/benzophenone. 
Other commercially available solvents and reagents were used as received. 
 





  Bruker 400-MHZ NMR was done to study 
1
H-NMR (400.13 MHZ) and 
13
C-NMR (100.61 
MHZ) spectra at room temperature in the CDCl3. Shimadzu LCMS-IT-TOF Mass 
Spectrometer was conducted to examine electron impact mass spectra (EIMS) and high 
resolution MS (HRMS). Agilent Cary 5000 was used to characterize UV-vis-NIR spectra. CV 
measurements were conducted on an Autolab PGSTAT 30 electrochemical workstation. 
Electrochemistry was performed with recrystallized electrolytes and distilled solvent using a 
three-electrode cell with an ITO-coated glass slide (7 × 40 × 0.7 mm, 20 Ω cm-1, Delta 
Technologies, Ltd) as the working electrode, a silver wire pseudo-reference electrode 
calibrated using a 5 mM solution of Fc/Fc
+
 in 0.1 M electrolyte solution and a platinum flag 
as the counter electrode.  
5.2.3 Synthesis of Organic Chromophores 
  1,3-Bis(benzo[c][1,2,5]thiadiazol-4-yl)azulene (BTAz-1). 1,3-dibomoazulene (1, 0.172 g, 
0.6 mmol), 4-(4,4,5,5-tetramethyl-1,3,2-dioxaboralan-2-yl)-2,1,3-benzothiadiazole (2, 0.33 g, 
1.26 mmol), 8 ml toluene, 2 M Na2CO3 solution (4 ml) and one drop of Aliquat 336 were 
added into a two-necked 50 ml RBF under Ar. Three freeze-pump-thaw cycles for one hour 
was applied to degas the mixture. Then Pd(PPh3)4 (3.6 mg, 0.00312 mmol) was added under 
Ar and then another two freeze-pump-thaw cycles were used. The mixture was warmed to 
room temperature and transferred to an oil bath and refluxed for 1 day at 100 C. The reaction 
was then cooled down to room temperature, followed by adding the dilute HCl solution (15 
ml) under stirring. The resulting organic portion was collected. Then the aqueous portion was 
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extracted with toluene (15 ml) for 3 times. The organic portions were compiled and washed 
with 1 M sodium bicarbonate solution, water, and brine solution successively. The organic 
portion was dried over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and 
purified by flash column using a DCM/hexane (v/v, 1/4) gradient. The title product was 
obtained in yield (64%) as brown powers after recrystallization in DCM. 
1
H-NMR (δ, CDCl3): 
8.89 (s, 1 H), 8.63 (d, 2 H), 8.04 (d, 2 H), 7.85 (d, 2 H), 7.79 (t, 2 H), 7.73 (t, 1 H), 7.30 (t, 2 
H). 
13C NMR: δ 156.1, 155.2, 141.3, 139.8, 138.9, 136.8, 130.7, 130.1, 129.8, 126.2, 125.3, 
120.1. HRMS (APCI): calcd for C22H12N4S4, m/z 397.0537; found, m/z 397.0576. 
1,3-Bis(5-(benzo[c][1,2,5]thiadiazol-4-yl)-3-dodecylthiophen-2-yl)azulene (BTAz-2). 
4-(4,4,5,5-tetramethyl-1,3,2-dioxaboralan-2-yl)-2,1,3-benzothiadiazole (2, 0.42 g, 1. 6 mmol), 
1,3-dibromo-[2-(3-dodecylthienyl)]azulene (4, 0.6 g, 0.76 mmol), 8 ml toluene, 2 M Na2CO3 
solution (4 ml) and one drop of Aliquat 336 were added into a two-necked 50 ml RBF under 
Ar. Three freeze-pump-thaw cycles for one hour was applied to degas the mixture. Then 
Pd(PPh3)4 (4.5 mg, 0.0039 mmol) was added under Ar and then another two 
freeze-pump-thaw cycles were used. The mixture was warmed to room temperature and 
transferred to an oil bath and refluxed for 1 day at 100 C. The reaction was then cooled down 
to room temperature, followed by adding the dilute HCl solution (15 ml) under stirring. The 
resulting organic portion was collected. Then the aqueous portion was extracted with ethyl 
ether (20 ml) for 3 times. The organic portions were compiled and washed with 1 M sodium 
bicarbonate solution, water, and brine solution successively. The organic portion was dried 
over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and purified by flash 
column using a DCM/hexane (v/v, 1/8) gradient. The title product was obtained (yield: 76%) 
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as dark red powers after recrystallization in hexane. 
1
H-NMR (δ, CDCl3): 8.54 (d, 2 H), 8.19 
(s, 2 H), 8.07 (s, 1 H), 7.93 (m, 4 H), 7.66 (m, 3 H), 7.25 (t, 2 H), 2.70 (t, 4 H), 1.68 (t, 4 H), 
1.24 (m, 36 H), 0.86 (t, 6 H). 
13C NMR: δ 156.1, 152.6, 142.2, 140.4, 139.7, 139.2, 138.4, 
137.2, 134.3, 130.7, 130.1, 128.2, 125.3, 124.6, 122.2, 120.1, 32.3, 31.3, 30.1, 29.8, 23.1, 14.5. 
HRMS (APCI): calcd for C54H64N4S4, m/z 897.4047; found, m/z 897.4087. 
5-Bromo-3-dodecyl-2-(3-(3-dodecylthiophen-2-yl)azulen-1-yl)thiophene (5). To a 50 
two-necked RBF was added the 1,3-bis[2-(3-n-dodecylthienyl)]azulene (3, 1.22 g, 1.94 mmol) 
and HOAC-CHCl3 (10 ml: 10 ml) solution at 0 °C. NBS (0.346g, 1.94mmol) was added in 
portions into the mixture over 45 mins under N2 protection. The reaction was maintained at 
0 °C for 1 h and then at room temperature overnight, followed by quenching the reaction via 
adding water. The resulting organic portion was collected. Then the aqueous portion was 
extracted with CHCl3 (25 ml) for 3 times. The organic portions were compiled and washed 
with 1 M NaOH solution, water (three times), and brine solution successively. The organic 
portion was dried over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and 
purified by flash column using n-hexane as eluant. The product was obtained (yield: 40%) as 
blue oil. 
1
H-NMR (δ, CDCl3): 8.39 (t, 2 H), 7.87 (s, 1 H), 7.66 (t, 1 H), 7.36 (d, 1 H), 7.22 (t, 
2 H), 7.10 (d, 1 H), 7.04 (s, 1 H), 2.56 (m, 4 H), 1.17 (m, 36 H), 0.89 (m, 10 H). 
13C NMR: δ 
141.7, 141.0, 140.5, 139.5, 139.1, 137.1, 136.7, 134.1, 132.1, 129.4, 124.9, 124.4, 122.5, 
121.0, 111.0, 32.3, 31.3, 31.1, 30.0, 29.8, 29.6, 29.4, 23.1, 14.5. HRMS(APCI): calcd for 





5-Bromo-3-dodecyl-2-(3-(3-dodecylthiophen-2-yl)azulen-1-yl)thiophene (5, 0.33g, 0.467 
mmol), 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (0.082 g, 0.21 mmol), 
toluene (4 ml), 2 M Na2CO3 solution (2 ml) and one drop of Aliquat 336 were added into a 
two-necked 50 ml RBF under Ar. Three freeze-pump-thaw cycles for half hour was applied to 
degas the mixture. Then Pd(PPh3)4 (1.2 mg, 0.001 mmol) was added under Ar and then 
another two freeze-pump-thaw cycles were used. The mixture was warmed to room 
temperature and transferred to an oil bath and refluxed for 1 day at 100 C. The mixture was 
then cooled down to room temperature, followed by adding the dilute HCl solution (15 ml) 
under stirring. The resulting organic portion was collected. Then the aqueous portion was 
extracted with ethyl ether (10 ml) for 3 times. The organic portions were compiled and 
washed with 1 M sodium bicarbonate solution, water, and brine solution successively. The 
organic portion was dried over anhydrous MgSO4, filtrated, concentrated by rotary evaporator 
and purified by flash column using a DCM/hexane (v/v, 3/20) gradient. The title product was 
obtained (yield: 70%) as red oil. 
1
H-NMR (δ, CDCl3): 8.56 (d, 2 H), 8.42 (d, 2 H), 8.20 (s, 2 
H), 8.01 (s, 2 H), 7.91 (s, 2 H), 7.65 (t, 2 H), 7.37 (d, 2 H), 7.22 (m, 4 H), 7.12 (d, 2 H), 2.67 
(m, 8 H), 1.20 (m, 80 H), 0.88 (m, 12 H). 
13C NMR: δ 153.2, 142.2, 141.1, 140.6, 139.5, 
139.3, 138.9, 138.5, 137.1, 134.4, 132.2, 130.3, 129.4, 126.1, 125.7, 124.9, 124.4, 122.7, 
122.0, 32.3, 30.1, 29.8, 29.4, 23.1, 14.5. HRMS (APCI): calcd for C90H120N2S5, m/z 
1389.8089; found, m/z 1389.8128. 
2,6-Bis(4-dodecyl-5-(3-(3-dodecylthiophen-2-yl)azulen-1-yl)thiophen-2-yl)-4,8-bis((2-et
hylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene (BTAz-4). 
2,6-Bis(trimethylstannyl)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b’]dithiophene (0.1 g, 0. 
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137 mmol), 5-bromo-3-dodecyl-2-(3-(3-dodecylthiophen-2-yl)azulen-1-yl)thiophene (5, 
0.213g, 0.3 mmol) and toluene (6 ml) were added into a two-necked 50 ml RBF under Ar. 
Continuous Ar was applied to purge the mixture for 1 hour. Then P(o-tolyl)3 (0.0084 g, 0.028 
mmol) and Pd2(dba)3 (0.0064 g, 0. 007 mmol) were added and then another half hour purge 
was applied. The mixture was warmed to room temperature and transferred to an oil bath and 
refluxed for 1 day at 100 C. The reaction was then cooled down to room temperature, 
followed by adding the water (10 ml) under stirring. The resulting organic portion was 
collected. Then the aqueous portion was extracted with ethyl ether (10 ml) for 3 times. The 
organic portions were compiled and washed with 1 M sodium bicarbonate solution, water, and 
brine solution successively. The organic portion was dried over anhydrous MgSO4, filtrated, 
concentrated by rotary evaporator and purified by flash column using a DCM/hexane (v/v, 
5/20) gradient. The title product was obtained (yield: 65%) as yellow oil. 
1
H-NMR (δ, 
CDCl3): 8.52 (d, 2 H), 8.41 (d, 2 H), 7.96 (s, 2 H), 7.68 (t, 2 H), 7.51 (s, 2 H), 7.37 (d, 2 H), 
7.32 (s, 2 H), 7.23 (m, 4 H), 7.11 (d, 2 H), 4.22 (m, 4H), 2.61 (m, 8 H), 1.25 (m, 90 H), 1.07 (t, 
8H), 0.98 (t, 8H), 0.88 (m, 16 H). 
13C NMR: δ 144.4, 142.0, 141.1, 140.5, 139.5, 139.2, 137.2, 
137.1, 136.5, 133.2, 132.8, 132.2, 129.4, 127.8, 124.9, 124.4, 122.7, 121.7, 115.8, 41.1, 32.3, 
31.3, 30.9, 30.1, 29.8, 29.6, 29.4, 24.3, 23.6, 23.1, 14.6, 14.5, 11.8. HRMS (APCI): calcd for 
C110H154O2S6, m/z 1700.0307; found, m/z 1700.0346. 
5.3 Results and Discussion 
5.3.1 Synthesis and Characterization of ICT Chromophores 
Scheme 5.2 displays the synthesis of controlling molecules and organic ICT molecules. 
Compound BTAz-1 was obtained in good yield by reacting 1,3-dibromoazulene (1) with 
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4-(4,4,5,5-tetramethyl-1,3,2-dioxaboralan-2-yl)-2,1,3-benzothiadiazole (2). Through 
controlling the molar ratio of NBS to compound 3, compounds 4 or 5 was synthesized. 
BTAz-2 was synthesized between compound 2 and 4 via Suzuki Coupling. Because 
compound 5 was not stable in air, the coupling reaction of 5 with 
2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (6) or 7 was performed 
immediately once the purification of compound 5 was done, generating chromophores 




C NMR and HRMS were applied to 
characterize all the new compounds. 
 
Scheme 5.2 The synthesis of the conjugated compounds. 
 
One of the most commonly used way to obtain low bandgap chromophores is to adopt the 
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push-push-pull (D-A) configuration along the conjugated backbone. Dual-band absorption 
could be generated through adopting D-A structure, and the relevant long-wavelength band is 
resulting from the charge separation and low-energy charge-transfer transitions from donor to 
acceptor.
[85c, 138]
 ICT chromophores BTAz1-3 containing both azulenes and BTs are shown in 
Scheme 5.1. In neutral state, azulene acts as a weak donor, while BT performs as a strong 
acceptor. BT is widely applied to many light-harvesting chromophores and organic 
electronics due to the good electron-withdrawing capability generated from its heterocyclic 
group and the observed low band gap in oligomers/polymers containing it.
[54a, 139]
 Because of 
its basic nitrogen atom, BT owns the potential of protonation. Normally, calculated pKa value 
is used to determine the protonation capability of molecules.
[140]
 In order to validate that BT 
cannot be protonated by TFA and exclude the potential misunderstanding, UV-vis spectra of 
BT in different acid solutions were examined. The UV-vis spectra suggest concentrated 
sulfuric acid rather than TFA can protonate BT.
[141]
 In BTAZ1-3, after the treatment of TFA, 
azulenes became azulenylium ions, which were very strong electron acceptor.
[40a, 124, 127c, 142]
 
Similarly, BTs were turned to weak donors or linkers. The interchange between donor and 
acceptor then leaded to the shifting of electron-accepting center in the ICT molecules, altering 
the photophysical properties of chromophores. Protonation and D-A interchange then resulted 
in the significant decrease of bandgap and broad absorption up to 2500 nm. In order to verify 
the ICT transition and confirm the protonation-induced shifting of electron-accepting center, 
compound BTAz-4 containing BDT and control molecule BTATB without obvious D-A 
structure were designed as comparison. The rigid and planar BDT unit is more electron-rich 
than carbazole, fluorene or thiophene and widely used in conjugated chromophores. 
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5.3.2 Photophysical Properties 
As shown in Figure 5.1a, control molecule BTATB displayed a major absorptive peak at 
320 nm, which should result from the -* transition of the conjugated molecule. However, 
BTAz-1 demonstrated the maximum absorption around 440 nm because of the ICT effect in 
compounds BTAzs (Figure 5.1b). Although BTAz-1 does not own long conjugated length, 
120 nm red shift is obtained for BTAz-1 in comparison with BTATB. Similar phenomenon 
can also be found if comparing compound BTAz-1 and BTAz-4. Compared with BTATB and 
BTAz-4, typical D-A structure exists in BTAz-1. Therefore, substitution of BT in BTAz-1 
with BDT in BTAz-4 leads to the hypsochromic shift to 433 nm. Additionally, in comparison 
with BTAz-2, a distinct bathochromic shift is found for BTAz-3, which may be due to the 
different D-A arrangement. BTAz-3 owns a D-A-D configuration, and BTAz-2 has an A-D-A 
configuration. Azulene-thiophene rings as donors in compound BTAz-3 can improve the 
charge transport and lead to a stronger ICT than that of A-D-A configuration in BTAz-2 




Figure 5.1 (a) UV-vis spectrum of BTATB in chloroform; (b) Normalized optical absorption 





Figure 5.2 Optical absorption spectra of BTAzs in TFA/CHCl3 (v/v, 3/7) solution. 
   
  As depicted in Chapters 2-4, remarkable optical change was observed when these 
chromophores were protonated. For instance, Figure 5.2a shows the occurrence of two new 
absorptive bands at 585 and 1344 nm for compound BTAz-2 upon protonation, which are 
attributed to electron transfer (ET) and low-energy transfer taking place from the ground state 
(S0) to a charge-separated state (CT) in a strong D-A system, respectively. The excited CT and 
ET states can both be populated by photo-initiated process.
[45] 
 
Scheme 5.3 The donor/acceptor interchange during the protonation of BTAz-3 (left) and 




In comparison with BTAz-2, less optical variations are found for BTAz-1 upon protonation. 
Upon protonation, BTAz-1 just displays a weak transition from S0 to CT with absorption 
maxima at 950 nm. There are two reasons to explain such interesting phenomenon. Firstly, 
azulene and BTs were linked directly without any linker or spacer. As discussed in previous 
Chapters, spacer is essential for charge separation. Secondly, upon protonation, azulene 
transfers into a strong acceptor, while BTs are “forced” to be weak donors. Therefore, dipole 
moment change generated by these two reasons upon protonation is not distinct, resulting in 
weak ICT transitions. Moreover, DFT simulation displayed that the dipole moment of 
protonated BTAz-1 (6.0) is much smaller than that of protonated BTAz-3 (25.5). 
. Compared with protonated BTAz-2, upon protonation, improved charge separation and a 
remarkable red shift with maximum absorption at 2300 nm are found for BTAz-3, which 
should result from the conversion of roles for donor and acceptor and the formation of a novel 
ICT system. Neutral BTAz-3 exhibits the D-A-D configuration induced absorption maxima at 
520 nm. One azulene unit in BTAz-3 was transferred into a stronger electron-acceptor 
(azulenylium ion) upon protonation process. Previous electron-accepting BT unit then 
became the -spacer /linker in the newly generated ICT system as shown in Scheme 5.3. 
Therefore, electron drift occurring from azulenes and thiophenes to BT in neutral 
chromophore changed to a totally different state upon protonation, in which electron drift 
occurred from un-protonated azulene and thiophenes to the protonated azulene. The 
synergistic effect of the strong D-A interactions and the lengthening of the linker/spacer 
between donor and acceptor in protonated BTAz-3 leads to a great increase of dipole moment 
to 25.5 D and the remarkable red shift of NIR absorption.  
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In order to further verify the assumption, a control chromophore BTAz-4 was designed. 
BTAz-4 was achieved by replacing BT in BTAz-3 with BDT (an electron-donor). In neutral 
BTAz-4, no apparent ICT interaction was observed due to the electron-donating nature of 
both azulene and BTAz-4. BTAz-4 became a typical ICT system upon protonation, in which 
the newly formed azulenylium ion performed as an electron-acceptor and BDT and 
un-protonated azulene functioned as electron-donors. Additionally, it is assumed that electron 
transport mostly occurs from BDT to azulenylium ion due to the reason that azulene is less 
electron rich and rigid than BDT. Based on this assumption, upon protonation, charge 
separation in BTAz-3 is more effective than that of BTAz-4, generating the blue-shifted 
absorption for protonated BTAz-4. The UV-vis-NIR spectra in Figure 5.2b validates this 
assumption. 
 
Figure 5.3 Spatial distributions of the calculated HOMOs and LUMOs of model compounds 
BTAz-3 at different degree of protonation: neutral and protonation. 
 
DFT simulation and the resulted spatial distributions of the HOMOs and LUMOs were 
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done to further verify the above assumption. DFT calculations in Figure 5.3 match well with 
the spectral differences observed experimentally between neutral and protonated states. 
Dihedral angle between azulene and thiophene rings upon protonation is greatly increased due 
to the transition from sp
2
 carbon to sp
3 
carbon. Neutral BTAz-3 displays the delocalized 
HOMO on thiophenes and azulenes, while LUMO is located on BT unit. Upon the treatment 
of TFA, HOMO is mainly on thiophene-azulene-thiophene rings on one side and LUMO is 
localized on the protonated azulene unit. According to the simulation, upon protonation, BT 
becomes a linker instead. Such phenomenon clarifies the effective charge separation and 
distinct NIR absorption observed for BTAz-3. According to DFT calculation, BTAz-2 can 
also demonstrate a similar electron density change before and after protonation (See 
Appendix Figure S5.1). Additionally, protonated BTAz-4 displays delocalized HOMO on 
BDT and azulene, and displays the located LUMO on the azulenylium ion. A longer 
-conjugated limker/spacer can be found in protonated BTAz-3 in comparison with the 
protonated BTAz-4. 
Time dependent (TD)-DFT simulation of excitation energies and oscillation strength were 
done in order to fully elaborate the occurrence of two newly formed absorption bands in 
BTAz-2, BTAz-3 and BTAz-4 (See the Appendix Table S5.1). The chance for excited state is 
minor and should not be taken into consideration if the oscillator strength (f) for the excitation 
energy does not exceed 0.0001. The first 50 singlet-singlet transition energies for BTAzs with 
or without the presence of TFA were simulated. Maximum absorption for neutral BTAz-2 to 
BTAz-4 is calculated at 460 (+16 nm in comparison with 444 nm observed in experiment), 
483 (-37) and 463 (+30) nm, with simulated oscillator strength of 0.24, 0.08 and 1.60, 
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respectively, which also match with the data done in the experiment (Figure 5.1).  
The simulation for the protonated models also displayed two major peaks which are close 
to the experimental data (Figure 5.2). For instance, two major absorptions at 980 and 525 nm 
that possesses high oscillator strength were observed for protonated BTAz-2, which were 
similar to the optical spectra of protonated BTAz-2 (Figure 5.2). Same conclusion could be 
obtained in calculating protonated BTAz-3, in which two absorption bands with high 
oscillator strength were observed at 3242 and 765 nm. Protonated BTAz-4 exhibited four new 
absorption bands at 4188, 2379, 1665 and 817 nm with high oscillator strength. Although 
4188 nm is beyond the measurement limit of spectrometer, both wavelength of 2379 and 1665 
nm are in a broad peak observed in experiment for protonated BTAz-4. Though the values for 
protonated models calculated by DFT cannot have a good match with experimental data as 
found for ones without TFA due to the variation between complex real protonation process 
and simplified calculation conditions, DFT still give an explicit summary. In other words, two 
newly formed long-wavelength absorption bands upon protonation, with the lowest energy 
transitions mainly derived from combining the HOMO-1→LUMO, HOMO→LUMO and 
HOMO→LUMO+1 excitations, and the new absorption band in the visible range derived 
from HOMO-3→LUMO+1 excitation. Additionally, based on the simulation, the numbers of 
accessible excited states for protonated BTAz-2 are much smaller than that of protonated 
BTAz-3 and BTAz-4, explaining a plethora of possible energy CT transitions and resulted 
broad peaks obtained by protonated BTAz-3 and BTAz-4. 
5.4 Conclusions 
A series of novel chameleonic azulenes and BTs contained conjugated chromophores were 
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reported in Chapter 5. Upon protonation, the shifting of electron-accepting center and the 
occurrence of broad NIR absorption up 2.5 μm were found. It is shown that the ICT 
transitions are affected by D-A configuration and length of spacer between donor and acceptor. 
Additionally, both optical study and DFT simulation validated the shifting of 
electron-acceptor center from BT to protonated azulene and D/A functions change of BT 



















Chapter 6 Tuneable and Narrow Band Gap Conjugated 
Chromophores via Selective Doping Process 
6.1 Introduction 
  Though D-A approach can yield narrow bandgap chromophores, these chromophores are 
synthesized with tedious steps. In addition, one specific D-A approach to low-bandgap 
oligomers and polymers is the use of nitrogen-containing heterocycles as effective electron 
acceptors which limit the solubility of materials and thus inhibit the applications of organic 





 and electro-chemical doping
[98]
 can greatly alter the optical and electronic properties of a 
material, although these can lead to charged species/irreversible chemical conversion and loss 
of semiconducting behavior. Recently, Bazan and coworkers reported a series of low bandgap 
oligomers and polymers containing benzo[2,1,3]thiadiazole (BT) / pyridal[2,1,3]thiadiazole 
(PT). These low bandgap chromophores show optical properties with the absorption maxima 
up to 1236 nm upon the formation of Lewis acid adduct.
[54, 144]
 However, the Lewis acid 
adduct, which easily undergoes B-C bond cleavage, is extremely sensitive to air, moisture and 
impurities and cannot be easily realized. 
In the previous Chapters, a series of azulene-containing chromophores, which could be 
easily protonated by TFA, are discussed.
[40a, 124, 131]
 Upon protonation, the bandgap is 
significantly narrowed and the maximum absorption is also greatly red shifted to the NIR 
region of over 1200 nm. The degree of change in the absorptive properties could be adjusted 
through altering the degree of doping (concentration of TFA). The protonation could also be 
realized in film (solid) state and reversible for many times upon treatments, which show the 
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great potential as active materials for electrochromic devices and OFETs. For chromophores 
which contain several accessible protonation sites like azulene, PT and CPDT, one question 
may arise as to whether the degree and the position of protonation in these chromophores 
could be controlled. In the Chapter 6, the progressive shift of absorption bands of 
chromophores such as azulene, PT and CPDT through selective doping is reported. The 
protonation preference in different chromophores is examined experimentally and via the 
DFT simulation. Protonation at different positions leads to difference in charge separation and 
thus the difference in resulting band-gap. These chromophores exhibit interesting behaviors 
through the controllable doping process. In addition, these chromophores show ultrasentive 
response to acid at a very low concentration (ppm level) and could be used for organic 
electronics such as OFETs and electrochromic devices. More importantly, the 
structure-property relationships in both neutral and selective doping states elucidated in this 





Compound 4H-cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) was purchased from BOC 
Sciences, while while 4,7-dibromo-pyridal[2,1,3]thiadiazole (PTBr2) was purchased from 
WUXI Chemical and purified by flash chromatography (10% Et3N in CHCl3) and 
recrystallization (EtOH) prior to use. Azulene, NBS (97%), TFA (99%) and 






-b:3,4-b’]dithiophene were prepared by literature methods.[51b, 146]  Dry THF was obtained 
via distillation from Na/benzophenone. Other commercially available solvents and reagents 
were used as received. 
 
Scheme 6.1 Chemical structures of the conjugated compounds. 
 
6.2.2 Equipment 
   Bruker 400-MHZ NMR was done to study 
1
H-NMR (400.13 MHZ) and 
13
C-NMR 
(100.61 MHZ) spectra at room temperature in the CDCl3. Shimadzu LCMS-IT-TOF Mass 
Spectrometer was conducted to study electron impact mass spectra (EIMS) and high 
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resolution MS (HRMS). UV-vis-NIR spectra were recorded on Agilent Cary 5000. TGA was 
conducted on TGA Q500 of TA system. Samples were heated at a rate of 10 °C min
-1
 to from 
25 to 900 °C. DSC on DSC Q100 was done at a cooling rate of 10 °C min
-1 
and a heating rate 
of 20 °C min
-1
. GPC on a Waters 2690 system was conducted with polystyrene as standards 
and HPLC-THF as eluent. FT-IR spectra on PEKIN ELMER FT-IR Spectrometer Spectrum 
2000 were performed. Elemental analyses (EA) on C, H and S determination were performed 
on a Flash EA 1112 series elemental analyzer. Polymers in toluene solution were spin-coated 
onto ITO electrodes laminated on poly(ethylene terephalate) (PET) substrates (60 Ω/sq) and 
formed layers. 0.1 mol l
-1
 LiClO4 in dry acetonitrile was prepared as electrolyte. 
Polymer/PET-ITO, platinum foil and Ag/AgCl were used as the working electrode, counter 
electrode and reference electrode, respectively. CV was conducted on an Autolab PGSTAT 30 
electrochemical workstation. In Gaussian 09 calculation, the zero-point vibrational energies 
(ZPE) were scaled according to Wong (0.9804).
[147]
  
6.2.3 Synthesis of Compounds 
4-Bromo-7-(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole (5). To a 50 mL 
two-necked RBF was charged with 4,7-dibromobenzo[c][1,2,5]thiadiazole (286 mg, 0.97 
mmol), Na2CO3 (0.828 g), H20 (4 ml), anhydrous THF (15 mL), and 
5'-hexyl-2,2'-bithiophene-5-boronic acid pinacol ester (334 mg, 0.88 mmol). This mixture was 
de-gassed for half hour under Ar, followed by the addition of Pd(PPh3)4 (24 mg, 0.02 mmol). 
Then the reaction mixture was subsequently purged with Ar for another 10 minutes. The 
reaction mixture was heated to 90 °C and vigorously stirred for 16 hours. Upon cooling, the 
reaction mixture was poured into 200 mL of a 1:1 MeOH/H2O solution and stirred for 20 
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minutes. The formed precipitate was collected by filtration and washed with 200 mL of a 2:1 
MeOH/H2O solution and 30 mL of MeOH. The crude product was purified on silica-gel by 
flash chromatography eluting with a hexanes/CHCl3 (v/v, 5/1) gradient. After fraction 
collection and solvent removal, the resulting red solid was dried under high vacuum for one 
day. The product was collected as red solid (yield: 55%). 
1
H-NMR (δ, CDCl3): 8.02 (d, 1 H), 
7.85 (d, 1 H), 7.69 (d, 1 H), 7.18 (d, 1 H), 7.11 (d, 1 H), 6.73 (d, 1H), 2.83 (t, 2 H), 1.72 (m, 2 
H), 1.41 (m, 2 H), 1.34 (m, 4 H), 0.90 (t, 3 H). 
7-Bromo-4-(5-(5-hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine 
(6). To a 50 mL two-necked RBF was charged with 4,7-dibromo-pyridal[2,1,3]thiadiazole 
(PTBr2, 150 mg, 0.5 mmol), Na2CO3 (0.828 g), H20 (4 ml), anhydrous THF (10 mL), and 
5'-hexyl-2,2'-bithiophene-5-boronic acid pinacol ester (170  mg, 0.5 mmol). This mixture 
was de-gassed for half hour under Ar, followed by the addition of Pd(PPh3)4 (12 mg, 0.01 
mmol). Then the reaction mixture was subsequently purged with Ar for another 10 minutes. 
The reaction mixture was heated to 90 °C and vigorously stirred for 16 hours. Upon cooling, 
the reaction mixture was poured into 200 mL of a 1:1 MeOH/H2O solution and stirred for 20 
minutes. The precipitate was collected by filtration and washed with 200 mL of a 2:1 
MeOH/H2O solution and 30 mL of MeOH. The crude product was purified on silica-gel by 
flash chromatography eluting with a hexanes/CHCl3 (v/v, 1/1) gradient. After fraction 
collection and solvent removal, the resulting red solid was dried under high vacuum for one 
day. The product was collected as red solid (yield: 65%). 
1
H-NMR (δ, CDCl3): 8.62 (s, 1 H), 
8.59 (d, 1 H), 7.26 (m, 1 H), 7.22 (m, 1 H), 6.74 (m, 1 H), 2.83 (t, 2 H), 1.71 (m, 2 H), 1.41 




exyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene (M1). To a 25 mL two-necked RBF was 
charged with 5-bromo-3-dodecyl-2-(3-(3-dodecylthiophen-2-yl)azulen-1-yl)thiophene (2, 44 
mg, 0.06 mmol), anhydrous toluene (4 mL), and 
(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)tributylstannane (4, 43 mg, 
0.062 mmol). This mixture was de-gassed for half hour under Ar, followed by the addition of 
Pd(PPh3)4 (10 mg, 0.009 mmol). Then the reaction mixture was subsequently purged with Ar 
for another 10 minutes. The reaction mixture was heated to 100 °C and vigorously stirred for 
16 hours. The mixture was then cooled down to room temperature, followed by the dropwise 
addition of saturated NH4Cl solution (10 ml) under stirring. The resulting organic layer was 
collected. And then the aqueous layer was extracted with toluene (15 ml) for 3 times. The 
organic layers were combined and washed with 1 M sodium bicarbonate solution, water, and 
brine solution successively. The organic portion was dried over anhydrous MgSO4, filtrated, 
concentrated by rotary evaporator and purified by flash column using hexanes/CH2Cl2 (v/v, 
5/1) as eluant. After fraction collection and solvent removal, the product was collected as 
green oil (yield: 86%). 
1
H-NMR (δ, CDCl3): 8.50 (d, 1 H), 8.39 (d, 1 H), 7.94 (s, 1 H), 7.65 (t, 
1 H), 7.36 (d, 1 H), 7.17 (m, 4 H), 7.05 (s, 1 H), 6.94 (d, 1 H), 2.56 (m, 4 H), 1.89 (m, 4 H), 
1.26-0.71 (m, 64 H), 0.61 (m, 12 H). 
13C NMR: δ 158.8, 157.8, 141.6, 141.0, 140.5, 139.5, 
139.2, 138.7, 137.0, 136.1, 132.2, 130.8, 129.4, 124.8, 124.2, 122.7, 122.1, 118.9, 43.7, 35.5, 
34.5, 32.3, 31.3, 30.0, 29.8, 29.4, 27.7, 23.1, 14.5, 11.0. HRMS (ESI): calcd for C67H96S4, m/z 




bithiophen]-5-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine (M2). To a 25 mL two-necked RBF was 
charged 7-bromo-4-(5-(5-hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine 
(6, 80 mg, 0.172 mmol), anhydrous toluene (4 mL), and 
(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)tributylstannane (4, 119 
mg, 0.172 mmol). This mixture was de-gassed for half hour under Ar, followed by the 
addition of Pd(PPh3)4 (30 mg, 0.027 mmol). Then the reaction mixture was subsequently 
purged with Ar for another 10 minutes. The reaction mixture was heated to 100 °C and 
vigorously stirred for 16 hours. The mixture was then cooled down to room temperature, 
followed by the dropwise addition of saturated NH4Cl solution (10 ml) under stirring. The 
resulting organic layer was collected. And then the aqueous layer was extracted with toluene 
(15 ml) for 3 times. The organic layers were combined and washed with 1 M sodium 
bicarbonate solution, water, and brine solution successively. The organic portion was dried 
over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and purified by flash 
column using hexanes/CH2Cl2 (v/v, 5/1) as eluent with 1% Net3. After fraction collection and 
solvent removal, the product was collected as blue oil (yield: 70%). 
1
H-NMR (δ, CDCl3): 8.80 
(s, 1 H), 8.57 (d, 1 H), 8.05 (t, 1 H), 7.23 (m, 1 H), 7.18 (m, 1 H), 6.97 (m, 1 H), 6.75 (d, 1 H), 
2.83 (t, 2 H), 1.97 (m, 4 H), 1.69 (m, 2 H), 1.40-1.25 (m, 13 H), 0.99-0.63 (mt, 26 H). 
13
C 
NMR: δ 159.2, 155.1, 148.6, 147.6, 144.7, 143.8, 140.3, 139.1, 137.2, 136.2, 134.9, 133.3, 
126.3, 125.7, 125.2, 125.1, 124.0, 123.8, 123.5, 122.9, 121.9, 54.2, 43.6, 35.6, 34.6, 32.3, 32.0, 
30.7, 30.1, 29.8, 29.2, 29.0, 28.9, 27.8, 23.1, 23.0, 14.5. HRMS (ESI): calcd for C44H55N3S5, 




bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole (M3). To a 25 mL two-necked RBF was 
charged 4-bromo-7-(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole (5, 100 mg, 
0.215 mmol), anhydrous toluene (5 mL), and 
(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)tributylstannane (4, 149 
mg, 0.215 mmol). This mixture was de-gassed for half hour under Ar, followed by the 
addition of Pd(PPh3)4 (40 mg, 0.036 mmol). Then the reaction mixture was subsequently 
purged with Ar for another 10 minutes. The reaction mixture was heated to 100 °C and 
vigorously stirred for 16 hours. The mixture was then cooled down to room temperature, 
followed by the dropwise addition of saturated NH4Cl solution (10 ml) under stirring. The 
resulting organic layer was collected. And then the aqueous layer was extracted with toluene 
(15 ml) for 3 times. The organic layers were combined and washed with 1 M sodium 
bicarbonate solution, water, and brine solution successively. The organic portion was dried 
over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and purified by flash 
column using hexanes/CH2Cl2 (v/v, 10/1) as eluant. After fraction collection and solvent 
removal, the product was collected as red oil (yield: 70%). 
1
H-NMR (δ, CDCl3): 8.09 (t, 1 H), 
8.03 (d, 1 H), 7.83 (s, 2 H), 7.18 (t, 2 H), 7.11 (d, 1H), 6.98 (m, 1H), 6.73 (d, 1 H), 2.84 (t, 2 
H), 1.96 (m, 2H), 1.72 (m, 2 H), 1.40 (m, 5 H), 1.33 (m, 6 H), 0.98 (m, 18 H), 0.60 (t, 12 H). 
13C NMR: δ 159.0, 158.9, 153.0, 152.9, 146.4, 139.5, 139.2, 138.1, 137.3, 135.1, 128.3, 127.3, 
125.8, 125.7, 125.3, 125.0, 124.3, 124.2, 124.0, 123.6, 123.4, 123.3, 122.8, 54.2, 43.7, 43.6, 
35.6, 34.6, 32.0, 30.6, 29.2, 29.1, 29.0, 27.9, 23.2, 23.0, 14.5, 11.2, 11.0. HRMS (ESI): calcd 





,2,5]thiadiazolo[3,4-c]pyridine (M4). To a 25 mL two-necked RBF was charged 
7-bromo-4-(5-(5-hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine (6, 26 
mg, 0.056 mmol), Na2CO3 (0.828 g), H20 (4 ml), THF (10 mL), 
2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaboralan-2-yl)-4,4-di(2-ethylhexyl)-4H-cyclopenta-[2,1
-b:3,4-b’]dithiophene (3, 37 mg, 0.056 mmol) and 
5-bromo-3-dodecyl-2-(3-(3-dodecylthiophen-2-yl)azulen-1-yl)thiophene (2, 40 mg, 0.056 
mmol). This mixture was de-gassed for half hour under Ar, followed by the addition of 
Pd(PPh3)4 (3 mg, 0.0025 mmol). Then the reaction mixture was subsequently purged with Ar 
for another 10 minutes. The reaction mixture was heated to 100 °C and vigorously stirred for 
16 hours. The mixture was then cooled down to room temperature, followed by the dropwise 
addition of dilute HCl solution solution (10 ml) under stirring. The resulting organic layer was 
collected. And then the aqueous layer was extracted with toluene (15 ml) for 3 times. The 
organic layers were combined and washed with 1 M sodium bicarbonate solution, water, and 
brine solution successively. The organic portion was dried over anhydrous MgSO4, filtrated, 
concentrated by rotary evaporator and purified by flash column using hexanes/CH2Cl2 (v/v, 
4/1) as eluant. After fraction collection and solvent removal, the product was collected as 
purple oil (yield: 30%). 
1
H-NMR (δ, CDCl3): 8.82 (s, 1 H), 8.58 (d, 1 H), 8.51 (d, 1 H), 8.40 
(d, 1 H), 8.05 (t, 1 H), 7.36 (d, 1 H), 7.21 (m, 3 H), 7.11 (m, 2 H), 7.09 (s, 2 H), 6.75 (m, 1 H), 
2.83 (t, 2 H), 2.57 (t, 4 H), 1.99 (m, 4 H), 1.71 (m, 4 H), 1.41 (m, 22 H), 1.32-0.77 (m, 49 H), 
0.62 (m, 12 H). 
13C NMR: δ 160.0, 155.0, 158.6, 148.6, 147.5, 141.9, 141.0, 140.5, 139.5, 
139.2, 138.8, 137.4, 137.0, 136.9, 135.9, 135.0, 133.2, 131.5, 132.2, 131.5, 129.4, 125.7, 
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125.5, 125.2, 125.1, 124.9, 124.3, 1123.6, 122.6, 121.8, 118.8, 54.6, 43.6, 35.7, 34.7, 34.6, 
32.3, 32.0, 31.3, 30.7, 30.1, 29.8, 29.8, 29.6, 29.4, 29.2, 29.1, 29.0, 27.9, 23.3, 23.2, 23.1, 23.0, 
14.5, 11.1. HRMS (ESI): calcd for C86H113N3S7, m/z 1411.6979; found, m/z 1412.7015. 
4-(6-(4-Dodecyl-5-(3-(3-dodecylthiophen-2-yl)azulen-1-yl)thiophen-2-yl)-4,4-bis(2-ethylh
exyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-7-(5'-hexyl-[2,2'-bithiophen]-5-yl)benz
o[c][1,2,5]thiadiazole (M5). To a 25 mL two-necked RBF was charged 
4-bromo-7-(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole (5, 106 mg, 0.23 
mmol), Na2CO3 (0.828 g), H20 (4 ml), THF (15 mL), 
2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaboralan-2-yl)-4,4-di(2-ethylhexyl)-4H-cyclopenta-[2,1
-b:3,4-b’]dithiophene (3, 150 mg, 0.23 mmol) and 
5-bromo-3-dodecyl-2-(3-(3-dodecylthiophen-2-yl)azulen-1-yl)thiophene (2, 160 mg, 0.23 
mmol). This mixture was de-gassed for half hour under Ar, followed by the addition of 
Pd(PPh3)4 (20 mg, 0.018 mmol). Then the reaction mixture was subsequently purged with Ar 
for another 10 minutes. The reaction mixture was heated to 100 °C and vigorously stirred for 
16 hours. The mixture was then cooled down to room temperature, followed by the dropwise 
addition of dilute HCl solution (10 ml) under stirring. The resulting organic layer was 
collected. And then the aqueous layer was extracted with toluene (15 ml) for 3 times. The 
organic layers were combined and washed with 1 M sodium bicarbonate solution, water, and 
brine solution successively. The organic portion was dried over anhydrous MgSO4, filtrated, 
concentrated by rotary evaporator and purified by flash column using hexanes/CH2Cl2 (v/v, 
5/1) as eluant. After fraction collection and solvent removal, the product was collected as 
purple oil (yield: 33%). 
1
H-NMR (δ, CDCl3): 8.51 (d, 1 H), 8.39 (d, 1 H), 8.07 (d, 1 H), 8.02 
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(m, 1 H), 8.05 (t, 1 H), 7.95 (s, 1 H), 7.83 (s, 2 H), 7.37 (d, 1 H), 7.20 (m, 4 H), 7.11 (m, 3 H), 
6.73 (d, 1 H), 2.84 (t, 2 H), 2.59 (t, 4 H), 1.99 (m, 4 H), 1.71 (m, 4 H), 1.32-0.69 (m, 74 H), 
0.63 (m, 9 H). 
13C NMR: δ 159.7, 158.8, 153.3, 152.8, 146.4, 141.8, 141.2, 140.6, 139.6, 
139.2, 138.0, 137.0, 135.2, 132.4, 130.0, 128.4, 125.9, 124.8, 124.4, 122.6, 119.1, 54.6, 43.6, 
35.8, 34.8, 32.4, 32.0, 31.4, 30.8, 30.1, 29.8, 29.2, 28.0, 23.3, 14.5, 11.3. HRMS (ESI): calcd 
for C87H114N2S7, m/z 1410.7027; found, m/z 1411.7054.  
P1. 1,3-Dibromo-[2-(3-dodecylthienyl)]azulene (1, 1.2 g, 1.52 mmol), 2,6-Bis(4,4,5,5- 
Scheme 6.2 Synthetic procedures for monomers and polymer. 
 
tetramethyl-1,3,2-dioxaboralan-2-yl)-4,4-di(2-ethylhexyl)-4H-cyclopenta-[2,1-b:3,4-b’]dithio
phene (3, 1.002 g, 1.52 mmol), 6 ml of 2 M Na2CO3 solution, 12 ml of toluene, and 1 drop of 
Aliquat 336 were added into a two-necked 50 ml RBF under nitrogen protection. Several 
freeze-pump-thaw cycles were applied to degas the mixture. Pd(PPh3)4 (7.6 mg, 0.0066mmol) 
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was added under N2 and then another two freeze-pump-thaw cycles were used. The reaction 
mixture was warmed to room temperature and then transferred to an oil bath and refluxed for 
3 days at 110 C. The reaction mixture was concentrated and dropwised into methanol (200 
ml) with stirring after the polymerization completed. The collected dark green precipitates 
were washed with hexane and acetone, extracted with chloroform using a Soxhlet apparatus. 
The polymers were precipitated into methanol and dried. Finally, the polymers were directed 
used for the following characterization. Td=397 °C, Tg= 11.16 °C, Mn= 13198, PDI= 1.48. 
1
H-NMR (δ, CDCl3): 8.53 (d, 2 H), 7.98 (s, 1 H), 7.65 (t, 1 H), 7.22 (m, 4 H), 7.07 (s, 2 H), 
2.58 (s, 4 H), 1.91 (s, 4 H), 1.23-0.78 (m, 70 H), 0.63 (t, 6 H). 
13C NMR: δ 158.5, 141.8, 
140.4, 139.6, 139.0, 137.8, 137.1, 136.0, 130.9, 125.1, 124.4, 122.7, 122.2, 118.9, 54.5, 43.7, 
35.7, 34.6, 32.3, 32.0, 31.2, 30.0, 29.8, 29.6, 29.0, 27.8, 26.8, 23.3, 23.1, 14.5, 11.1. FTIR 
(KBr):3062.7, 2920.7, 2850.3, 2319.8, 1936.9, 1573.3, 1456.4, 1410.1, 1376.8, 1261.2, 
1172.7, 862.9, 823.0, 737.8, 668.0, 656.9, 575.6. Anal Calcd for C67H96S4: C, 78.15; H, 9.40; 
S, 12.46. Found: C, 77.10; H, 9.45; S, 11.56%. 
6.3 Results and Discussion 
Design, Synthesis and Characterization of Functional Donor–Acceptor Building Blocks 
Previous study showed that strong D-A interaction and efficient charge separation achieved 
by the protonation of azulene-thiophene, azulene-alkoxythiophene, azulene-BDT or 
azulene-BT based materials can generate bandgap as low as 0.4 eV. In the recent study, 
polymers containing CPDT also exhibit strong NIR absorption upon protonation. The 
sensitivity of these CPDT based materials to protonation is about 200 times higher than that 
of chromophores containing azulene. However, those molecules only have one type of 
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protonation site, i.e. azulene. This study envisaged combining several different protonation 
accessible units (e.g., azulene, CPDT and pyridal[2,1,3]thiadiazole (PT)) in a single molecule 
to study the physical properties upon protonation. In addition, the occurring of selective 
protonation process and thus the controllable ICT in the molecules with several protonation 
accessible units which show different proton affinity are expected. In this study, 
chromophores M4 and M5 which contains several different types of doping sites were 
designed and synthesized as shown in Scheme 6.2. In order to elucidate their protonation 
preference and related ICT behaviors, chromophores M1, M2 and M3, which are segments of 
M4 or M5, are used as comparison. To further study their potential applications, polymer P1, 
was also designed and synthesized. 
The general synthetic procedure for the ICT molecules and polymer is shown in Scheme 
6.2. Monomers 1-4 were synthesized via the reported procedures with good yields.
[40a, 51b, 54b, 
124, 131, 148]
 5'-Hexyl-2,2'-bithiophene-5-boronic acid pinacol ester was reacted with  
4,7-dibromobenzo[c][1,2,5]thiadiazole / 4,7-dibromo-pyridal[2,1,3]thiadiazole via Suzuki 
Coupling to generate 4-bromo-7-(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole 
(5) and 7-bromo-4-(5-(5-hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine 
(6), respectively. The Stille Coupling reaction of 
(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)tributylstannane (4) with 
(2), (5) or (6) with the catalysis of Pd(PPh3)4 in anhydrous toluene gave M1, M3 and M2 in 
high yields, respectively. M4 was obtained through the random Suzuki Coupling between 
monomers 2, 3 and 6 with the yield of 30%. Similarly, M5 was generated via reaction 







C NMR and HRMS. 
6.3.1 Photophysical Properties 
 
Figure 6.1 (a) Normalized UV-vis spectra of monomers M1, M3 and M5 in chloroform and 
(b) Normalized UV-vis spectra of monomers M1, M2 and M4 in chloroform. 
 
As shown in Figure 6.1, M1 only exhibits high-energy transition at 405 nm. Due to the 
D-A-D interaction induced by the bithiophene-BT-CPDT, spectrum of dual-band absorption 
with a high energy band at 374 nm followed a low energy band at 541 nm, is generated. The 
high energy band and low energy band are likely arising from the π-π* transition and 
charge-transfer transition, respectively. A red shift of 39 nm is obtained for M4 via attaching 
segment of thiophene-azulene-thiophene. Such red shift is mostly attributed to the extended 
conjugation length and enhanced D-A interaction. Because of the stronger electron-accepting 
properties of the PT unit in comparison with BT unit, Figure 6.1 shows that changing the 
acceptor BT heterocycle in M3 and M5 into the acceptor PT in M2 and M4 leads to an 
absorbance maxima red shift of 39 and 54 nm, respectively. Similarly, compared with M2, the 






Figure 6.2 Optical absorption spectra of chromophores in TFA/CHCl3 (v/v, 1/100) solution. 
 
More strikingly, significant optical changes were observed when these chromophores were 
treated with TFA. Contrast to the previously discussed chromophores which only have one 
type of accessible protonation site, i.e. azulene,
[124, 131, 148]
 several different accessible 
protonation sites exist in these chromophores. Moreover, the sensitivity to TFA of these 
chromophores is quite high. For example, the spectrum starts to change at a very low TFA 
concentration (~10 ppm). Protonation of M1 leads to the decreased intensity of π-π* 
transition and two newly appeared absorption bands at 746 and 1397 nm in the NIR region. 
The absorptive band at 1397 nm is resulted from the ICT. In addition, the new and intensive 
absorption band around 746 nm, which can also be found for other CPDT contained 
chromophores and polymers, is mostly attributed to the CPDT ion generated by protonation. 
Though two accessible protonation sites: azulene and CPDT exist in one chromophore, 
monoprotonation rather than diprotonation is preferred due to the charge repulsion effect. Two 
main reasons could clarify the CPDT dominated protonation process. Firstly, as reported 
before, CPDT is extremely sensitive to the acid in comparison with azulene. Those azulene 




Figure 6.3 UV-vis-NIR spectra of chromophores under different TFA concentration (μl) in 
chloroform solution: (a) M1; (b) M2; (c) M3; (d) M4; (e) M5 and (f) UV-vis-NIR spectrum 
of M2 in chloroform/TFA (v/v, 9/1). 
 
ratio) before any significant spectral change. Chromophore M1 could exhibit spectral change 
at a very dilute TFA concentration. Secondly, the spectrum does not display the new 
absorption band between 500-600 nm which originates from the protonated azulene 
(azulenylium ion). Therefore, in M1 containing CPDT and azulene, the protonation occurs 
preferentially at the more electron-rich α-position of CPDT.  
In M3, protonation of CPDT leads to the occurring of two absorption bands at 886 and 
1536 nm. In comparison with M1, the red shift of 139 nm of the maximum absorption for M3 
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is mostly attributed to the enhanced charge separation. In other words, upon protonation, 
CPDT ion becomes a powerful electron-acceptor, while BT now transfers into a π-spacer.[148] 
That’s reason why a more bathochromic shift is observed for the M3. Interestingly, the 
absorption maxima is further shifted to 1756 nm when additional electron-donating segment 
thiophene-azulene-thiophene is coupled. Such a large bathochromic shift may result from 
stronger D-A-D interaction and extended conjugation length in M5 than that in M3. In 
addition, it is shown that the intensity for the ICT induced low energy band is greatly 
increased when increasing the conjugation length in M5. It is well accepted that the extension 
of the π-conjugation system leads to the increase in molar extinction coefficient and the 
enhancement of the oscillator strength of chromophores.
[149]
 Furthermore, TFA concentration 
dependence of these chromophores was examined. Analysis by UV-vis-NIR spectroscopy 
reveals a decrease of the original absorption bands and the gradual increase of broad low 
energy transitions in the 880-1800 nm range upon the rise in TFA concentration. 
On the basis of selective protonation of M1, M3 and M5, two related well-defined 
molecules, namely M2 and M4 which contain another easy protonation site-PT beside CPDT 
and azulene were synthesized, examined, and compared. PT offers a pyridal N-atom for 
possible Lewis acid binding and protonation, which is more basic and accessible than the BT 
counterpart.
[54b]
 Analysis by UV-vis-NIR spectroscopy reveals the gradual disappearance of 
primary band of M2 and the appearance of a new transition with λmax = 730 nm. Addition of 
more 20 μl of TFA results in minimal intensity change at 730 nm. The spectral behavior is 
comparable to those BT/PT based chromophores with bandgap control via Lewis acids, 
indicating PT rather than CPDT is dominantly protonated. In the other words, similar to M3, 
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a weak and broad absorptive band over 1000 nm should appear if protonation occurs at 
CPDT in M2. Due to the fact that both CPDT and PT are quite sensitive to acid, there is a 
possibility that both CPDT and PT are protonated at a higher TFA concentration. As shown in 
Figure 6.3b, a shoulder appears at 690 nm when the TFA concentration reaches above 10 μl, 
which may be due to the formation of CPDT ion. Stepwise addition of 0-30μl of TFA reveals 
the existence of two separate isosbestic points at ∼632 and ∼623 nm, indicating the presence 
of more than two absorbing species in solution. In addition, an extra low energy band at 1130 
nm is generated when the TFA concentration reaches 300 μl (Figure 6.3f). Previous researches 
validate that a π-spacer is critically important to get efficient charge separation and strong ICT 
interaction.
[131, 148] 
Therefore, long wavelength at 1130 nm caused by further protonation of 
CPDT in M2 is blue shifted and more weak than that for M3.  
 
 
Figure 6.4 Upper: Simplified monomer S4 for DFT calculation; bottom: Optimized structures 




Table 6.1 The corrected Zero Point Vibrational Energies (ZPE) and Proton Affinities (PA) 
calculated by G09 at different sites of S4.
[147]
 
Entry Scaled ZPE (au) PA (kcal/mol) 
Site 1 0.6343 249.1 
Site 2 0.6340 244.4 
Site 3 0.6337 242.5 
Site 4 0.6321 230.8 
Site 5 0.6326 231.4 
 
Finally, spectrum of M4 containing three different accessible protonation units (PT, 
azulene and CPDT) is examined. In an analogous fashion to M5, a rise in TFA concentration 
leads to the bleaching of primary bands and the enhanced intensities of two newly formed 
absorption bands in the NIR region (Figure 6.2b and Figure 6.3d). Interestingly, the maximum 
absorption for M4 is gradually blue shifted from 1782 to 1602 nm at a higher TFA 
concentration. As discussed above, this phenomenon may result from the additional 
protonation of CPDT and reduced ICT interaction. Therefore, the absorption can be 
progressively adjusted merely through the controlling doping sites. This method could allow 
the easy accessibility of materials with various band-gap and absorptive properties. 
DFT is used to calculate the preferable protonation site via proton affinity (PA). The 
geometry optimisation and energy calculations were performed with Gaussian 09 software 
suite using B3LYP/6-31G(d,p) (Figure 6.4).
[132]
 S1-5 are used the representative monomers 
for the M1-5 with the simplification of replacing the alkyl chains with methyl groups, 
respectively (See the appendix Figure S6.1-6.4 and Table S6.1). Here, S4 is used as an 
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example. All the potential protonation sites are numbered and circled. Relative ZPE and PA 
calculated from the optimized structure shows that protonation at the pyridal N-atom of PT is 
most preferable by the highest ZPE and PA. Therefore, the protonation preference in S4 
should be: PT (1: labelled number in Figure 6.4) > α position of CPDT (2,3) > 1,3 position of 
azulene (4,5). In addition, the DFT also shows that in M5, CPDT rather than azulene and BT 
is the most preferable site. DFT calculations agree well with the expermental data and further 
validate the assumption.      
Molecular orbital (MO) calculations for S4 in the neutral and protonated states were carried 
out using B3LYP functional with 6-31G(d,p) basis set. For the neutral monomer, HOMO is 
delocalized on the whole backbone of S4, while LUMO is mainly located on PT unit. Upon 
protonation of PT, HOMO is delocalized on thiophene-azulene-thiophene segment on one 
end and LUMO is also delocalized on PT unit. The dipole moment of protonated S4 is about 
8 times higher than that of neutral S4. Therefore, the significant charge separation and 
efficient ICT lead to the narrowing of bandgap and imposing absoprtion in NIR range. As for 
the S5, upon the protonation of CPDT, the HOMO is located on bithiophene on one side and 
LUMO is mainly localized on CPDT-thiophene on another side. In S5, BT transfers into a 
weak donor or spacer. Then charge separation in M5 is more effective than that in M4, which 
clarifies the more red shifted absorption of M5 upon protonation. 
6.3.2 Photophysical Properties of Polymer 
In order to investigate and extend the selective protonation into the potential applications 
such as electrochromic devices and NIR sensors. Polymer P1 containing CPDT and azulene 
was synthesized via Suzuki Coupling between compound 1 and 3. P1 owns good solubility in 
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solvents such as THF, chlorobenzene, toluene and chloroform. P1 was purified by repeated 
precipitation, dried in vacuum oven and then characterized by NMR spectra.  
























Figure 6.5 Optical absorption spectra of P1 in CHCl3 and TFA/CHCl3 (v/v, 1/10) solution. 
 
As shown in Figure 6.5, the neutral P1 exhibits the absorption band at 440 nm, which has a 
bathochromic shift of 35 nm in comparison with M1. Such red shift is attributed to the 
extended conjugation length from monomer to polymer. Similar to M1, protonation of P1 
results in the bleaching of π-π* transition and the occurring of two broad absorption bands at 
824 and 1801 nm in the NIR range. As discussed above, this intensive absorption band at 824 
should be the characteristic peak of CPDT ion. More interestingly, low energy band at 1801 
nm displays a much stronger oscillation strength and an imposing absorption range from 1000 
to 2500 nm. Such distinguished phenomenon is also derived from the great extension of 
conjugated length and thus enhanced ICT interaction, which could be applied to NIR 
detectors with wide and tunable with spectral response
[150]
 or OPVs due to its good coverage 
of solar spectrum. In addition, analysis of UV-vis-NIR spectrum reveals that selective 




   This report firstly demonstrated the selective protonation of chromophores containing 
azulene, CPDT or PT. Their optical properties and related structure-property relationship are 
systematically studied. This selective and progressive protonation is validated by the optical 
studies and DFT simulation. Through the stepwise and controllable protonation, oligomers 
and polymers with various band-gap and optical behaviors could be easily achieved. 


















Chapter 7 New Aspect of the Cyclopentadithiophene Based Polymers: 
Narrow Band Gap Polymer upon Protonation 
7.1 Introduction 
In the Chapter 6, selective doping of chromophores containing multiple doping sites is 
discussed. Based on this study, the widely used electron-donor: CPDT could also be 
protonated by strong organic acids. Though CPDT and its derivatives are now intensively 
applied in various organic electronics, the protonation behaviour of CPDT is rarely reported.  
In the Chapter 7, the study envisioned extending protonation to CPDT polymeric 
derivatives. The CPDT containing polymers show ultrasensitive response to trifluoroacetic 
acid (TFA) and significant decrease of bandgap even at very dilute acid solution, which is 
superior than polymers incorporating the azulene with 1,3-/4,7-connectivity.
[151]
  Herein the 
interaction of TFA with polymers to unveil the optical properties through the experimental 
and theoretical study are examined. Furthermore, a new thin-film organic material that formed 
active layer in an OFET which can be switched simultaneously by using two different inputs 
(electron bias and protonation) was examined. The study on the protonation of CPDT based 
polymers could provide an alternative and simple way to fine-tune the electronic and optical 
properties, and even be applied to various CPDT based organic electronics. To the best of our 
knowledge, this is first systematic study on the protonation of CPDT based polymers. 
7.2 Experimental 
7.2.1 Materials 
  Compound 4H-cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) was purchased from BOC 
Sciences, while 9,9-dihexyl-2,7-dibromofluorene, NBS (97%),  TFA (99%) and 
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biphenyl-4,4'-diboronic acid bis(pinacol) ester (95%) were purchased from Sigma-Aldrich. 
Compound 9,9-di-n-hexylfluorene-2,7-diboronic acid bis(pinacol) ester and 
2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaboralan-2-yl)-4,4-di(2-ethylhexyl)-4H-cyclopenta-[2,1
-b:3,4-b’]dithiophene were prepared by literature methods.[51b, 152]  Dry THF was obtained 
via distillation from Na/benzophenone. Other commercially available solvents and reagents 
were used as received 
7.2.2 Equipment 
Bruker 400-MHZ NMR was done to study 
1
H-NMR (400.13 MHZ) and 
13
C-NMR (100.61 
MHZ) spectra at room temperature in the CDCl3. Shimadzu LCMS-IT-TOF Mass 
Spectrometer was conducted to study electron impact mass spectra (EIMS) and high 
resolution MS (HRMS).UV-vis-NIR spectra were recorded on Agilent Cary 5000. TGA was 
conducted on TGA Q500 of TA system. Samples were heated at a rate of 10 C min-1 from 25 
to 900 C. DSC on DSC Q100 was done at a cooling rate of 10 C min-1 and a heating rate of 
20 C min-1. GPC on a Waters 2690 system was conducted with polystyrene as standards and 
HPLC-THF as eluent. Elemental analyses (EA) on C, H and S determination were performed 
on a Flash EA 1112 series elemental analyzer. FT-IR spectra on PEKIN ELMER FT-IR 
Spectrometer Spectrum 2000 were performed. Fluorescence Spectroscopy was conducted on 
RF-5301PC of Shimadzu. The surface morphology and microstructure were determined by 
the Tapping-mode Atomic Force Microscopy (TM-AFM) performed on the ICON-PKG 
atomic force microscopy, and X-ray diffraction (XRD) performed on a Bruker-AXS D8 
DISCOVER with GADDS X-ray diffractometer. 
7.2.3 Synthesis of Compounds and Polymers 
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  5,5'-(9,9-dihexyl-9H-fluorene-2,7-diyl)bis(2-bromo-3-methylthiophene) (1). 
2,7-Dibromo-9,9-dihexyl-9H-fluorene (0.984 g, 2 mmol), 
4,4,5,5-tetramethyl-2-(4-methylthiophen-2-yl)-1,3,2-dioxaborolane (0.941 g, 4.2 mmol), 16 
ml THF, 2 M Na2CO3 solution (8 ml) and four drops of Aliquat 336 were added into a 
two-necked 50 ml RBF under Ar. Ar purge for half hour was applied to degas the mixture. 
Then Pd(PPh3)4 (9.7 mg, 0.0084) was added under Ar and then another half hour Ar purge 
was used. The reaction mixture was warmed to room temperature and then transferred to an 
oil bath and refluxed for 16 hours at 80 C. The mixture was then cooled down to room 
temperature, followed by the dropwise addition of dilute HCl solution (15 ml) under stirring. 
The resulting organic layer was collected. And then the aqueous layer was extracted with 
CH2Cl2 (15 ml) for 3 times. The organic portions were compiled and washed with 1 M 
sodium bicarbonate solution, water, and brine solution successively. The organic portion was 
dried over anhydrous MgSO4, filtrated, concentrated by rotary evaporator and purified by 
flash column using ethyl acetate : hexane (v:v, 1/30) as eluent, followed by recrystallization in 
hexane. This was obtained as yellow crystals (75%).  
To a 50 two-necked RBF was added the above product (1.24 g, 2.36 mmol)) and THF (40 
ml) solution at 0 °C. NBS (0.88 g, 4.9 mmol) was added in one portion into the mixture under 
N2 protection with the absence of light. The reaction was maintained at 0°C for 1 hour and 
then at room temperature for 7 hours with the absence of light, followed by the quench of 
reaction via adding water. The resulting organic layer was collected. And then the aqueous 
layer was extracted with CH2Cl2 (15 ml) for 3 times. The organic portions were compiled and 
washed with 1 M NaOH solution, water (three times), and brine solution successively. The 
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organic portion was dried over anhydrous MgSO4, filtrated, concentrated by rotary evaporator 
and purified by flash column using ethyl acetate : hexane (v/v, 1/60) as eluant. The product 
was obtained in high yield (99%) as light yellow solid. 
1
H-NMR (δ, CDCl3): 7.69 (d, 2 H), 
7.48 (m, 4 H), 7.06 (s, 2 H), 2.23 (s, 6 H), 1.98 (m, 4 H), 1.04 (m, 12 H), 1.75 (m, 10H).  
P1. 
2,2'-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene-2,6-diyl)bis(4,4,5,5-tetram
ethyl-1,3,2-dioxaborolane) (0.3 g, 0.46 mmol), 2,7-dibromo-9,9-dihexyl-9H-fluorene (0.224 g, 
0.46 mmol), 4 ml of 2 M Na2CO3 solution, 8 ml of toluene, and 1 drop of Aliquat 336 were 
added into a two-necked 50 ml RBF under N2. Several freeze-pump-thaw cycles were applied 
to degas the mixture. Pd(PPh3)4 (2.1 mg, 0.0018mmol) was added under N2 and then another 
two freeze-pump-thaw cycles were used. The reaction mixture was warmed to room 
temperature and then moved to the oil bath and refluxed for 3 days at 110 C. The reaction 
mixture was concentrated and dropwised into methanol (200 ml) with stirring after the 
polymerization completed. The collected green precipitates were washed with hexane and 
acetone, extracted with chloroform using a Soxhlet apparatus. The polymers were precipitated 
into methanol and dried. Finally, the polymers were directed used for the following 
characterization. Yield: 71%, Mn= 7029, PDI= 1.31.
 1
H-NMR (δ, CDCl3): 7.72 (m, 4 H), 7.56 
(m, 4 H), 1.98 (m, 8 H), 1.66 (m, 4 H), 1.09-0.70 (m, 48 H).  
13C NMR: δ 158.1, 152.1, 
142.1, 140.6, 137.3, 136.7, 134.7, 133.9, 133.3, 132.3, 132.2, 132.1, 129.0, 128.9, 127.8, 
125.7, 125.2, 124.9, 121.0, 120.5, 120.3, 120.0, 55.7, 54.5, 43.7, 40.9, 36.2, 35.6, 34.8, 31.9, 
30.1, 29.2, 27.9, 24.2, 23.3, 23.0, 16.2, 14.5, 14.4. FTIR (KBr): 3420.5, 3063.9, 2953.4, 
2922.9, 2851.1, 2316.9, 1601.8, 1507.9, 1462.8, 1434.9, 1376.2, 1254.8, 1179.2, 1117.0, 
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874.0, 814.7, 744.6, 719.6, 692.6, 551.7, 438.8, 425.2. Anal Calcd for C50H70S2: C, 81.68; H, 
9.60; S, 8.72. Found: C, 80.69; H, 8.84; S, 8.28%. 
P2. 2,6-dibromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene (0.34 g, 
0.61 mmol), biphenyl-4,4”-diboronic acid bis(pinacol) ester (0.25 g, 0.61 mmol), 4 ml of 2 M 
Na2CO3 solution, 8 ml of toluene, and 1 drop of Aliquat 336 were added into a two-necked 50 
ml RBF under N2. Several freeze-pump-thaw cycles were applied to degas the mixture. 
Pd(PPh3)4 (2.8 mg, 0.0024mmol) was added under N2 and then another two freeze-pump-thaw 
cycles were used. The reaction mixture was warmed to room temperature and then moved to 
the oil bath and refluxed for 3 days at 110 C. The reaction mixture was concentrated and 
dropwised into methanol (200 ml) with stirring after the polymerization completed. The 
collected green precipitates were washed with hexane and acetone, extracted with chloroform 
using a Soxhlet apparatus. The polymers were precipitated into methanol and dried. Finally, 
the polymers were directed used for the following characterization. Yield: 75%, Mn= 15465, 
PDI= 2.
 1
H-NMR (δ, CDCl3): 7.35 (m, 10 H), 1.95 (m, 4 H), 0.99-0.57 (m, 30 H). 
13C NMR: δ 
158.6, 144.5, 139.1, 138.2, 135.1, 132.3, 129.0, 127.7, 126.3, 118.9, 54.1, 43.6, 35.4, 34.7, 
28.8, 27.8, 23.4, 14.6, 10.8. FTIR (KBr): 3429.7, 3028.8, 2953.3, 2919.1, 2869.2, 2329.0, 
1603.3, 1508.1, 1485.8, 1456.9, 1413.6, 1376.6, 1178.2, 1110.5, 1001.0, 815.9, 726.5, 667.7, 




ethyl-1,3,2-dioxaborolane) (0.37 g, 0.56 mmol), 
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5,5'-(9,9-dihexyl-9H-fluorene-2,7-diyl)bis(2-bromo-3-methylthiophene)  (1, 0.385 g, 0.56 
mmol), 4 ml of 2 M Na2CO3 solution, 8 ml of toluene, and 1 drop of Aliquat 336 were added 
into a two-necked 50 ml RBF under nitrogen protection. Several freeze-pump-thaw cycles 
were applied to degas the mixture. Pd(PPh3)4 (2.6 mg, 0.0022mmol) was added under N2 and 
then another two freeze-pump-thaw cycles were used. The reaction mixture was warmed to 
room temperature and then moved to the oil bath and refluxed for 3 days at 110 C. The 
reaction mixture was concentrated and dropwised into methanol (200 ml) with stirring after 
the polymerization completed. The collected yellow precipitates were washed with hexane 
and acetone, extracted with chloroform using a Soxhlet apparatus. The polymers were 
precipitated into methanol and dried. Finally, the polymers were directed used for the 
following characterization. Yield: 66%, Mn= 11265, PDI= 1.35. 
1
H-NMR (δ, CDCl3): 7.68 (m, 
6 H), 7.21 (s, 2H), 7.07 (s, 2H), 2.46 (m, 6H), 2.02 (m, 8 H), 1.65 (m, 4H), 1.06-0.66 (m, 48 
H). 
13C NMR: δ 158.6, 144.5, 139.1, 138.2, 135.1, 132.3, 129.0, 127.7, 126.3, 118.9, 54.1, 
43.6, 35.4, 34.7, 28.8, 27.8, 23.4, 14.6, 10.8. FTIR (KBr): 3429.2, 3056.1, 2951.7, 2918.2, 
2849.3, 2318.1, 1636.9, 1576.9, 1455.9, 1417.9, 1375.0, 1257.2, 1176.4, 1131.1, 879.5, 832.0, 
812.5, 719.7, 667.1, 617.6, 589.4, 522.8. Anal Calcd for C60H78S4: C, 77.70; H, 8.48; S, 13.83. 
Found: C, 75.39; H, 8.12; S, 13.88%. 
7.2.4 Device Fabrication 
  Bottom-gate, top-contact OFET test devices were fabricated for this study. A heavily 
n-doped silicon wafer with a 200-nm thermal silicon dioxide (SiO2) was used as the 
substrate/gate electrode, with the SiO2 layer serving as the gate dielectric. The SiO2/Si 
substrate was first washed with acetone and IPA for 10 minutes, respectively. After blow dried 
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with nitrogen gas, it was then immersed again in a piranha solution (H2SO4 : H2O2 = 2:1) for 8 
minutes, followed by rinsing with deionized water, and then re-immersed in a solution of 
octyltrichlorosilane (OTS-8) in toluene at 60 °C for 20 minutes. It was then rinsed with 
toluene and then blow dried with nitrogen gas. The semiconductor layer was deposited on top 
of the OTS-8-modified SiO2 surface by spin coating the polymer solution in chloroform (0.6 
wt%). Subsequently, gold source/drain electrode pairs were deposited by thermal evaporation 
through a metal shadow mask to create a series of OFET with various channel length (L) and 
width (W) dimensions. Prior to measurement, the polymer thin film was selectively subjected 
to acid vapor for the protonation treatment. The OFET devices were then characterized using 
a Keithley SCS-4200 probe station in the N2 filled glovebox in the dark. The OFET mobility 






where ID is the drain current, μ is the field-effect mobility, Ci is the capacitance per unit area 
of the gate dielectric layer (SiO2, 200 nm, Ci = 17 nF cm
-2
), and VG and VT are respectively 
gate voltage and threshold voltage. W and L are respectively channel width and length. 
7.3 Results and Discussion 
7.3.1 Synthesis and Characterization 
As shown in Scheme 7.1, three polymer P1-P3 were synthesized via traditional Suzuki 
Coupling to study the protonation effect of CPDT based polymers. The obtained polymers 
could be readily dissolved in common solvents such as THF, chloroform, toluene and 
dichloromethane, and the molecular weights were determined by GPC using a plolystyrene 
standard with the Mn ranging from 7029 to 15465. In addition, these polymers showed good 
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thermal stability with decomposition temperatures (Td) between 291-390 °C. 
 
 
Scheme 7.1 Synthesis of polymers P1-P3 





























Figure 7.1 UV-vis spectra of the obtained polymers in chloroform solution. 
 
7.3.2 Photophysical Properties 
Figure 7.1 shows the optical spectra of the polymers in chloroform. All the three polymers 
exhibit absorption maxima in the range of 463 and 472 nm, similar to the reported CPDTs 
based polymers. However, significant optical behavior was observed when these polymers 
were treated with TFA, and P3 is here used as the example to show the optical properties 
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change upon protonation (Figure 7.2). At very low concentration of TFA (0.0067 % (V), ~ 60 
ppm), two new absorption bands at 800 and 1401 nm were emerged. Further addition of TFA 
leads to the continuing increase of the newly appeared broad absorption bands with the 
bleaching of π-π* transition at 463 nm. An isosbestic point observed at 542 nm is consistent 
with two inter- 
 
Figure 7.2 (a) UV-vis-NIR spectra of the polymer P3 (20 ppm) as a function of TFA 
concentration (ppm) in chloroform solution at room temperature; (b) UV-vis-NIR spectra of 
the polymer P3 as-cast film on quartz obtained at room temperature upon different treatments: 
neutral film, film exposed to TFA vapor and protonated film exposed to TEA vapor; (c) 
UV-vis-NIR spectra of the polymer P1 (20 ppm) as a function of TFA concentration (ppm) in 
chloroform solution at room temperature; (d) UV-vis-NIR spectra of the polymer P2 (20 ppm) 
as a function of TFA concentration (ppm) in chloroform solution at room temperature; (e) 
UV-vis-NIR spectra of the polymer P3 in chloroform/methanesulfonic acid (v/v, 99/1) 
solution at room temperature and (f) Reversible UV-vis-NIR spectra of the polymer P3 in 




converting optically different phases being present in the solution. Finally, the spectra exhibits 
little change when the TFA concentration was beyond 0.6% (V), suggesting an acidic 
saturation is reached at this TFA concentration. Other CPDTs based polymers such as P1 and 
P2 showed similar response to the acid protonation as shown in Figure 7.2. It is interesting to 
note that, the acid-mediated optical changes of CPDT based polymers are reversible in 
solution, with the original spectral characteristics being recovered after neutralization of the 
protonated species. For instance, treatment of P3 dissolved in chloroform containing 1% TFA 
with equivalent triethylamine (TEA) results in the recurrence of identical absorption profiles 
to the neutral P3 prior to protonation. This protonation-deprotonation process in solution 
could be cycled for many times, indicating the good stability of protonated species. 
 
 
Figure 7.3. Aromatic regions of the 
1
H NMR spectra of CPDT as a function of trifluoroacetic 




The TFA induced NIR absorption and reversible optical properties upon protonation and 
deprotonation were also observed in the polymers solid state. As shown in Figure 2b, polymer 
P3 film casted from solution showed nearly the same the λmax as in solution (chloroform), 
except the λonset value was red-shifted 36 nm. Upon exposure to TFA vapor, the yellow 
polymer film was changed to grey in seconds. From the corresponding UV-vis-NIR spectra, 
the emergence of absorbance bands at 793 and 1443 nm with the decreased intensity of π-π* 
transition after the TFA vapor treatment can be observed, which is quite close to the 
phenomenon observed in solution. Same as in solution, the protonated film can be neutralized 
with TEA vapor, to nearly recover the original neutral polymer film spectra, indicating the 
majority of P3 are deprotonated. Therefore, the protonation-deprotonation process for the 
CPDTs based polymers is reversible and can be repeated for many times, both in solution and 
at solid states. 
7.3.3 Proton NMR Study 
Further insight into the reaction between TFA and CPDT was examined via 
1
H NMR 
solution spectroscopy. The 
1
H NMR in Figure 7.3 shows two doublet peaks at δ 6.94 (β 
position) and 7.15 (α position). Upon the addition of trifluoroacetic acid-d (TFA-d), a new 
singlet peak appeared with the decreased intensity of peak at δ 7.15 and unchanged peak 
intensity at δ 6.94. In addition, doublet peak at α position changed to multiplet peak due to the 
extra deuterated proton at α position. With the increase of TFA-d concentration, the intensity 
of doublet peak at α position continued decreasing, accompanied by the rising intensity of the 
newly formed singlet peak at low field. Moreover, the overall integration ration of protons at 
β position (6.94 ppm) to the protons at both α position (7.15 ppm) and newly occurred singlet 
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peak (8-11 ppm) was kept at 1:1. The NMR behavior validates the protonation of CPDT at α 
position with the existence of TFA. The NMR spectra of P3 upon protonation was also 
investigated and similar chemical shifts change was observed. Upon addition of TFA-d into 
P3 solution, a large deshielding of α-H (δ 8-10.5) demonstrates the positive charge, brought 
into the thiophene ring by the captured proton, resides for the greater part in that ring. All 
these results suggest that CPDT and CPDTs based polymers can be protonated by TFA at 
their  positions. 
 
Scheme 7.2. Simplified Monomer 1 (M1) for DFT calculation. 
 
Figure 7.4 Optimized structures of frontier molecular orbitals for model compounds M1 in 




DFT is used to calculate the optimal protonation site via proton affinity (PA). The geometry 
optimisation and energy calculations were performed with Gaussian 09 software suite using 
B3LYP/6-31+G(d,p) (Table 7.1, Scheme 7.2, Figure 7.4 and Appendix).
[132]
 M1 is used the 
representative monomer for P3. For simplification, the long alkyl chains were replaced with 
methyl groups in M1. DFT calculated from the optimized structure shows that protonation at 
site 2/3 (α position of CPDT) is more preferable by the highest relative zero-point vibrational 
energies (ZPE) and PA. DMol optimized by PW91-dspp/dnp was also calculated to find  
 
Table 7.1 The corrected Zero Point Vibrational Energies (ZPE) and Proton Affinities (PA) 
calculated by G09 and DMOL calculated Proton Affinities (PA) at different sites of M1. 
Entry G09: scaled ZPE (au) G09: PA (kcal/mol) DMOL: PA (kcal/mol) 
Site 1 0.5487 211.8 220.7 
Site 2 0.5504 236.8 240.3 
Site 3 0.5503 233.6 235.9 
Site 4 0.5498 222.4 227.4 
Site 5 0.5491 205.4 214.0 
 
protonation site. Results obtained by DMol exhibits the same trend as that of G09. These 
results are consistent with our NMR results that the pronounced affinity of proton to α 
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position of CPDT is caused by the electron-rich property of α position and high basicity of 
CPDT. Meanwhile, molecular orbital (MO) calculations for M1 in the neutral and protonated 
states were carried out using B3LYP functional with 6-31+G(d,p) basis set. For the neutral 
monomer, both HOMO and LUMO are nearly delocalized on the whole backbone of M1. 
However, protonation of CPDT leads to significant changes in the distribution of 
HOMO/LUMO orbitals. HOMO now is mainly located on fluorene unit, while LUMO is 
delocalized on CPDT unit. The dipole moment of protonated M1 (17.14 D) is almost 40 
times higher than that of neutral M1 (0.43D), which should be responsible for imposing 
charge separation of protonated M1. Therefore, the protonation induced NIR absorption can 
be attributed to the effective charge separation and related significant ICT upon protonation. 
When the CPDTs based polymers were protonated, protonated CPDT units were changed 
from electronic donors or -spacer to strong electron acceptor, which lead strong ICT effect in 
the polymer backbone and finally extends the absorption into the NIR region. This conclusion 
was further confirmed by comparing the acid response of P1 and P2 with P3. Compared with 
P1 and P2, P3 shows much higher intensity of NIR absorption under the same TFA 
concentration, which is due to a more efficient intramolecular charge transfer by the presence 
of π spacer. 
7.3.4 OFET Properties 
  As discussed above, the sensitivity of CPDT based polymers to TFA is extremely higher 
than azulene based oligomers and polymers. Protonation could be employed to tune or even 
alter the physical properties of polymers, e.g., alteration of electrical conductivity, 
or“switching on” of the fluorescence, etc. Therefore, CPDT based polymers with imposing 
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optoelectronic properties could be accessed simply by controlling the doping of polymers. 
Organic field effect transistors with polymer P3 were fabricated and subjected to the acid 
vapor for the acidic treatment to investigate the protonation effect in the thin film on the 
 
Figure 7.5 Electrical characteristics of the polymer thin film before and after acid vapor 
treatment; (a-b) Transfer and output curves of the thin films before treatment; (c-d) Transfer 
and output curves of the thin films after treatment; (e-f) The output curves of the treated thin 
film during relax.   
 
electrical properties. Prior to exposure to the TFA vapor, the OFET devices exhibited p-type 
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characteristics with a well-defined saturation behavior. As shown in Figure 7.5, the transfer 








 with a threshold voltage of -7 V, 
and an on/off ratio of 10
5
. It is unexpected that the electrical characteristics totally changed 
upon exposing to TFA vapor. The transistor device cannot be switched off by the gate voltage, 
indicating that the channel region was highly doped by the acid vapor due to protonation. The 
resistivity of the thin film was significantly decreased (about 10
6
 times) with a slightly 








. When the device was placed in the 
glove box for half an hour, the device operation behavior can change from depletion mode to 
enhancement mode with a turn off point at zero gate voltage (Figure 7.5f). And the device 
operation behaviorcan be totally recovered to initial state after placing for a few hours in the 
glove box. It is worth to point out that when re-exposing the thin film to the acid vapor, the 
thin film can be easily doped again, which indicates that this process is reversible and 
corresponds well with the optical behavior of the thin film 
 
 
Figure 7.6 The AFM images of the polymer P3 thin film before (a) and after acid vapor 
treatment (b). 
 
























Figure 7.7 The XRD patterns of the polymer P3 thin film before and after acid vapor 
treatment. 
 
undergoing protonation-deprotonation process. In order to exclude the acid vapor effect on 
the surface morphology and microstructure of the thin films, the polymer thin films with and 
without acid vapor treatment were investigated by the tapping-mode Atomic Force 
Microscopy (TM-AFM) and two-dimensional X-ray diffraction (XRD). As shown in Figure 
7.6, the surface roughness upon acid treatment slightly increased from 0.27 nm to 0.42 nm, 
indicating that acid vapor treatment induced slight change of surface properties. However, the 
thin film crystallinity did not show any change upon TFA vapor treatment (See Figure 7.7). 
The possible mechanism could be the charge transfer for surface to organic/dielectric 
interface due to formed dipole field by the CPDT ion.
[153]
 In other words, counterions 
generated by protonation at the surface of film could act as a chemical version of a capacitor 
to switch the device on. This CPDT based polymer exhibits a new type of OFET, which can 
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be switched simultaneously via using two different inputs: electrical bias and protonation. 
7.4 Conclusions 
In this study, a simple and effective approach to modulate optical and electronic properties 
of CPDT based polymers is reported for first time. The synthesis, optical properties and 
structural characterizations demonstrate an easy and sensitive protonation process of 
polymers upon the exposure to TFA. The proton NMR spectroscopy and DFT calculation all 
validate that the most preferable protonation site is at α position of CPDT due to the high 
ZPE and PA. The application of the protonation-responsive CPDTs based polymers in 
switchable OFET devices was successfully demonstrated. The OFET device with P3 film as 
active layer can be switched simultaneously by using two different inputs, and the device can 
be turned off with an applied gate bias. This study provides a new approach to remarkably 
tune optical and electronic properties of existing CPDTs based conjugated polymers, to 












Chapter 8 Conclusions and Outlook 
In the thesis, narrow bandgap chromophores containing azulene/CPDT with imposing NIR 
absorption are obtained via the protonation process. Bandgap and related physical properties 
could be progressively adjusted via the controllable protonation degree. In addition, those 
chromophores also exhibit distinguished performance in organic electronics such as 
electrochromic devices and OFETs upon protonation. The main finding are briefly 
summarized here: 
(1) Upon protonation, the conjugated azulene based polymers show tunable absorption 
covering the whole NIR region. In addition, the maximum absorption of over 2500 nm is the 
longest wavelength according to those reported conjugated polymers. The protonated 
polymers also display good stability, which is promising for various applications such as 
telecommunication and NIR sensors. The electrochromic performance for the protonated 
polymer is enhanced as well due to the increased stability and conductivity of protonated 
species. 
(2) The study envisioned compiling protonation, chemical oxidation and electro-chemical 
oxidation in the azulene based system, with a focus on phenomenon explanation. These 
methods are widely used for bandgap tuning with applications such as sensors and 
electrochromic materials. The origin and mechanism for the NIR absorption resulting from 
such methods are firstly clarified in a single azulene based system, which can also provide a 
solid theory for future studies.  
(3) A series of novel azulene and BT based ICT chromophores are reported. Azulene 
mainly performs as a weak donor and BT functions as an acceptor in the neutral azulene and 
 162 
 
BT based systems. However, protonated azulene (azulenylium ion) acts as a strong acceptor 
and BT transfers into a linker or weak donor in the protonated azulene and BT based systems. 
Therefore, the electron-accepting center shifts from BT (neutral systems) to protonated 
azulene (protonated systems). Additionally, the shifting of electron-accepting center and 
change of ICT transitions depend on comparable strength of acceptors and the length of 
spacer. A new way to fine tuning the HOMO-LUMO band gap of the ICT chromophores is 
found. 
(4) Progressive adjustment of bandgap and related UV-vis-NIR absorption have been 
realized through controllable protonation in chromophores containing several different 
accessible protonation sites (PT, azulene and CPDT). There is a preference for the selective 
protonation with the most favorable sequence as following: PT > CPDT > azulene. This 
study provides an alternative way for achieving controllable photophysical properties of 
chromophores, which could be further applied into corresponding organic electronics. 
(5) Ultrasensitive CPDT based polymers upon protonation are firstly reported. These 
polymers display spectral change at a very dilute TFA concentration. Due to the great 
sensitivity on TFA, OFETs based on CPDT polymers in neutral and protonated state are also 
examined. Such OFETs can be switched simultaneously by using two different inputs 
(electron bias and protonation). 
 
Based on the above findings, future exploration can be carried out to develop low band-gap 
CPDT/azulene based chromophores with various applications. Several aspects of the future 
work are suggested here: 
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(1) Previously, many 1,3-connected azulene based materials and related protonated 
behaviours are extensively studied. But 2,6-connected azulene based materials, especially 
polymers, are rarely explored. As introduced before, the large dipole moment of azulene is in 
2-6 orientation of azulene. Therefore, polymers containing azulene with 2,6-connectivity may 
own distinguished photophysical properties, which can be further applied to electronic and 
photovoltaic applications. Moreover, the protonation behaviour of such system will also be 
studied to see if there is any interesting phenomenon. 
(2) In order to fully use the dipole moment of 2,6-connected azulene, mostly used 
donor-fullerene and acceptor-BT will be coupled to the 2,6-positions of azulene. The dipole 
moment influence on the D-A interaction and related optical properties will be studied. 
(3) CPDT is greatly sensitive to acid and rarely reported before. A series of CPDT based 
polymers will be designed and synthesized. The optical properties and devices performance 
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Table S4.1 TD-DFT calculations of the absorption energies and oscillator strengths for the 
Di-PTAz-2 under protonation and chemical oxidation. 
Model Protonation (1+) 




 (nm) Osc. 
Str. f 
Transition Mode 








; 0.0707  17534.9 
0.025
6 
307 ->308 1.97841; 307 <-308 -1.84983. 
2  
Singlet-A
; 0.2456 5048.58 
0.005
6 




; 0.5878 2109.19 
0.129
1 
305 ->308 0.10931; 306 ->308 0.69761. 
4  
Singlet-A
; 0.8750 1416.93 
0.005
7 
305 ->308 -0.15659; 306 ->309 0.67957. 
5  
Singlet-A
; 0.8818 1406.08 
0.002
6 
304 ->308 0.25899; 305 ->308 0.61833; 306 ->308 
0.11326; 306 ->309  0.17711 
6  
Singlet-A
; 1.1969 1035.90 
0.002
5 
303 ->308 0.66504; 305 ->309 0.21200. 
7  
Singlet-A
; 1.2373 1002.05 
0.028
8 
303->308 -0.23133; 304->308 -0.14927; 304->309  
0.22342; 305 ->309 0.59650. 
8  
Singlet-A
; 1.2426 997.75 
0.014
8 




; 1.5043 824.22 
0.000
9 
303 ->309 0.70457. 
10  
Singlet-A
; 1.5790 785.21 
0.003
7 
304 ->309 0.65287; 305 ->309 -0.25691. 
11  
Singlet-A
; 1.7195 721.03 
0.009
1 





; 1.7816 695.93 
0.002
1 
301 ->308 0.63175; 302 ->308 0.28241. 
Model Chemical oxidation(2+,1) 




 (nm) Osc. 
Str. f 
Transition Mode 







3.290-A 0.6539 1896.21 
0.000
2 
304A ->308A -0.16040; 305A ->308A -0.20339; 
306A ->308A 0.45653; 307A ->308A 0.67823; 
304B ->308B 0.18787; 305B ->308B -0.24787; 
306B ->308B 0.38662. 
2 
2.245-A 0.6745 1838.23 
0.002
8 
305A ->308A -0.17036; 306A ->308A -0.27198; 
307A ->308A -0.44163; 304B ->308B 0.16169; 
305B ->308B -0.40759; 306B ->308B 0.69407. 
3 
3.431-A 0.6857 1808.14 
0.000
1 
305A ->308A -0.64451; 307A ->308A -0.10691; 
304B ->308B 0.64965; 305B ->308B 0.13483; 
306B ->308B -0.32558. 
4 
2.026-A 0.7356 1685.55 
0.634
6 
306B ->307B 0.99101; 306B <-307B -0.12787. 
5 
2.152-A 0.7974 1554.76 
0.002
0 
305A ->308A 0.66338; 306A ->309A 0.19736; 
307A ->309A 0.29331; 304B ->308B 0.64662. 
6 
3.287-A 0.8023 1545.37 
0.000
4 
304A ->309A -0.12897; 305A ->308A -0.18011; 
306A ->309A 0.36615; 307A ->309A 0.55014; 
304B ->308B -0.23361; 305B ->309B -0.34371; 
306B ->309B 0.56501. 
7 
2.069-A 0.8799 1409.08 
0.024
6 
305A ->308A 0.16077; 306A ->309A -0.26633; 
307A ->309A 0.56405; 304B ->308B 0.15351; 
305B ->309B -0.30178; 306B ->307B -0.10427; 
306B ->309B 0.66246. 
8 
3.439-A 0.9213 1345.70 
0.000
0 
305A ->309A -0.68065; 306A ->308A 0.12335; 
307A ->308A -0.10668; 304B ->309B 0.69174. 
9 
2.259-A 0.9303 1332.78 
0.000
3 
304A ->308A -0.20060; 305A ->309A 0.19237; 
306A ->308A 0.77321; 307A ->308A -0.55735. 
10 
2.022-A 0.9385 1321.06 
0.001
5 
305A ->309A 0.69267; 304B ->309B 0.70465. 
11 
2.029-A 0.9451 1311.89 
0.040
6 
305B ->307B 0.98524. 
12 
2.835-A 0.9908 1251.31 
0.000
1 
305B ->308B 0.85090; 306B ->308B 0.50454. 
 
Table S4.2 TD-DFT calculations of the absorption energies and oscillator strengths for the 
Di-PTAz-2 under electrical oxidation. 
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Model Neutral  




 (nm) Osc. 
Str. f 
Transition Mode 








; 1.9058 650.55 0.0022 
306 -> 308 0.32016; 307 -> 308 0.61196. 
2  
Singlet-A
; 1.9421 638.42 0.0030 
306 -> 309 0.59816; 307 -> 309 -0.33781. 
3  
Singlet-A
; 2.5086 494.24 0.0004 
305 -> 309 0.11370; 306 -> 309 0.32028; 307 -> 
309  0.61494. 
4  
Singlet-A
; 2.5262 490.80 0.0000 




; 2.6304 471.36 0.1577 
304 -> 308 0.32368; 305 -> 308 0.50062; 306 -> 





; 2.6571 466.61 0.1573 
304 -> 309 -0.42248; 305 -> 309 0.44154; 306 -> 
309 -0.13243; 
306 -> 310 0.13617; 306 -> 311 0.13560; 307 -> 




; 2.6988 459.40 1.8409 
304 -> 308 0.10270; 304 -> 309 -0.15856; 305 -> 
308 0.19019; 
305 -> 309 0.18257; 305 -> 310 0.10689; 306 -> 
311 -0.10472; 





; 2.8265 438.64 0.0605 
305 -> 308 0.11184; 305 -> 309 -0.11385; 306 -> 
310 0.60213; 




; 2.9182 424.87 0.1347 
305 -> 308 -0.14773; 306 -> 310 0.20548; 306 -> 
312 0.20175; 




; 2.9508 420.17 0.1281 
303 -> 309 -0.13639; 304 -> 309 -0.12549; 305 -> 
308 -0.10638; 
305 -> 309 -0.24407; 306 -> 310 -0.13066; 306 -> 
311 0.40987; 
306 -> 312 -0.16428; 306 -> 313 0.13652; 307 -> 
312 0.35400. 






305 -> 308 -0.10537; 305 -> 309 0.34551; 306 -> 
311 0.15701; 




; 3.0044 412.67 0.0085 
302 -> 308 0.15026; 303 -> 308 -0.15281; 304 -> 
308 0.53290; 
304 -> 309 -0.12279; 305 -> 308 -0.28652; 306 -> 
311 -0.10900; 
307 -> 312 -0.15818. 
Model Polaron(1+,2) 




 (nm) Osc. 
Str. f 
Transition Mode 






1 2.006-A 0.2558 4847.26 0.5731 306B -> 307B 1.38709; 306B <- 307B -0.96163. 
2 2.009-A 0.6410 1934.35 0.0575 305B -> 307B 1.00581; 305B <- 307B -0.13901. 
3 2.010-A 0.7270 1705.40 0.1697 304B -> 307B 0.99957 
4 2.016-A 1.2055 1028.46 0.0226 303B -> 307B 0.98710 
5 
2.035-A 1.3752 901.57 0.0045 
306A -> 311A 0.12032; 307A -> 310A -0.12301; 
302B -> 307B 0.97692. 
6 
3.170-A 1.5039 824.41 0.0006 
302A -> 308A -0.10739; 306A -> 308A 0.42116; 
307A -> 308A 0.34815; 
302B -> 308B 0.11291; 303B -> 308B -0.10443 
306B -> 308B 0.79505. 
7 
3.179-A 1.5149 818.44 0.0006 
303A -> 309A -0.11429; 306A -> 309A 0.34471; 
307A -> 309A -0.42845; 
302B -> 309B 0.10296; 303B -> 309B 0.11950; 
306B -> 309B 0.79180. 
8 
2.068-A 1.6946 731.66 0.0000 
302A -> 308A -0.10186; 306A -> 308A 0.58381; 
307A -> 308A 0.49356; 
301B -> 307B -0.11490; 306B -> 308B -0.56074; 
306B -> 310B 0.11461. 
9 
2.725-A 1.7047 727.30 0.0002 
306A -> 308A 0.13814; 306A -> 309A -0.24127; 
306A -> 310A -0.31598; 
306A -> 312A 0.10014; 307A -> 308A 0.12763; 
307A -> 309A 0.29694; 
307A -> 311A 0.32489; 300B -> 307B -0.20611; 
301B -> 307B 0.31821; 
305B -> 313B -0.10511; 306B -> 308B -0.10786; 
306B -> 309B 0.30426; 
306B -> 310B -0.44051;306B -> 312B 0.13598. 
10 
2.330-A 1.7103 724.94 0.0002 
303A -> 309A 0.11139; 306A -> 309A -0.41951; 
306A -> 310A 0.20701; 
307A -> 309A 0.54191; 307A -> 311A -0.20171; 
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300B -> 307B 0.10780; 
301B -> 307B -0.10636 306B -> 309B 0.48695; 
306B -> 310B 0.28005; 306B -> 312B -0.10005. 
11 
3.117-A 1.7367 713.92 0.0363 
304A -> 313A 0.11282; 305A -> 312A -0.12772; 
306A -> 311A 0.39117; 
307A -> 310A -0.42008; 307A -> 311A -0.15150; 
301B -> 307B 0.15145; 
302B -> 307B -0.14993; 304B -> 313B -0.13573; 
305B -> 312B -0.14178; 
306B -> 311B 0.59275. 
12 
2.265-A 1.7699 700.51 0.0193 
306A -> 310A 0.14199; 307A -> 311A -0.11137; 
300B -> 307B -0.13654; 
301B -> 307B 0.88644; 306B -> 310B 0.26403. 
Model Polaron pairs(2+,3) 




 (nm) Osc. 
Str. f 
Transition Mode 







3.029-A 0.7052 1758.25 1.0277 
304B -> 307B -0.25273; 305B -> 306B 
0.96241;305B -> 307B -0.10119; 
305B <- 306B -0.10008. 
2 
3.027-A 0.7989 1551.95 0.0673 
304B -> 306B -0.12081; 305B -> 306B 0.11221; 
305B -> 307B 0.98843; 
304B <- 306B 0.10514; 305B <- 307B -0.11073. 
3 3.029-A 0.8735 1419.47 0.0549 304B -> 306B 0.98503; 305B -> 307B 0.10963. 
4 3.025-A 0.9177 1350.97 0.0578 304B -> 307B 0.96201; 305B -> 306B 0.24369. 
5 
3.035-A 1.3474 920.16 0.0129 
306A -> 311A -0.15737; 307A -> 310A 0.17043; 
302B -> 306B -0.12984; 
302B -> 307B -0.35132; 303B -> 306B 0.87002. 
6 
3.036-A 1.3888 892.74 0.0246 
306A -> 310A 0.19058; 307A -> 311A -0.20337; 
302B -> 306B -0.42000; 
302B -> 307B 0.17456; 303B -> 307B 0.80991. 
7 
3.035-A 1.5198 815.78 0.0013 
302A -> 309A -0.13653; 303A -> 309A -0.12999;  
305A -> 309A -0.23734; 306A -> 309A -0.62425; 
307A -> 309A 0.70102. 
8 
3.035-A 1.5309 809.90 0.0015 
302A -> 308A 0.14128; 303A -> 308A -0.15187; 
305A -> 308A -0.21703; 
306A -> 308A 0.69021; 307A -> 308A 0.63984. 
9 
3.043-A 1.6475 752.55 0.0023 
306A -> 310A -0.17181; 307A -> 311A 0.17187; 
301B -> 307B -0.25302; 
302B -> 306B 0.72907; 303B -> 307B 0.53722. 
10 
3.060-A 1.6704 742.26 0.0516 
306A -> 311A 0.23101; 307A -> 310A -0.24391; 
301B -> 306B -0.30069; 302B -> 306B 0.13247; 




3.834-A 1.7866 693.98 0.0011 
304A -> 309A -0.12389; 305A -> 309A 0.12292; 
304B -> 309B 0.55356; 
305B -> 309B 0.77540. 
12 
3.831-A 1.7931 691.47 0.0011 
304A -> 308A 0.12406; 305A -> 308A 0.12183; 
304B -> 308B -0.58306; 
305B -> 308B 0.75507. 
 
 
Figure S5.1 Spatial distributions of the calculated HOMOs and LUMOs of model compounds 
BTAz-1 (a); BTAz-2 (b); and BTAz-4 (c) at different degree of protonation: neutral and 
protonation. 
 
Table S5.1 Excitation energies and oscillator strengths from the ground-state structures (S0) 
of BTAzs and protonated BTAzs. 
 
BTAz-2  
Excited State 1:  Singlet-A; 2.1814 eV; 568.37 nm; f=0.0105    
     208 ->210         0.70433 
Excited State 2:  Singlet-A; 2.6981 eV; 459.52 nm; f=0.2358    
     207 ->210         0.69687 
Excited State 3:  Singlet-A; 2.7185 eV; 456.08 nm; f=0.0013    
     207 ->209         0.69568  
Excited State 4:  Singlet-A; 2.8607 eV; 433.41 nm; f=0.0002    
     207 ->211         0.67675 
     208 ->212        -0.18565 
Excited State 5:  Singlet-A; 3.2041 eV; 386.96 nm; f=0.0982    
     203 ->211         0.13771 
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     205 ->211        -0.12593 
     206 ->210        -0.24082 
     207 ->211         0.16765 
     208 ->212         0.60917 




Excited State 1:  Singlet-A; 2.0654 eV; 600.29 nm; f=0.0085    
     231 -> 236        0.12427 
     232 -> 235       -0.37847 
     233 -> 236        0.57790 
Excited State 2:  Singlet-A; 2.0656 eV; 600.24 nm; f=0.0001    
     231 -> 235        0.12419 
     232 -> 236       -0.37814 
     233 -> 235        0.57794 
Excited State 3:  Singlet-A; 2.2138 eV; 560.05 nm; f=0.0052    
     232 -> 234        0.70418 
Excited State 4:  Singlet-A; 2.5654 eV; 483.29 nm; f=0.0844    
     231 -> 234        0.69451 
Excited State 5:  Singlet-A; 2.6008 eV; 476.71 nm; f=0.0004    
     231 -> 235       -0.26201 
     232 -> 236        0.51312 
     233 -> 235        0.39745 
Excited State 6:  Singlet-A; 2.6013 eV; 476.63 nm; f=0.0001    
     231 -> 236       -0.25881 
     232 -> 235        0.50907 
     233 -> 236        0.39381 
Excited State 7:  Singlet-A; 2.9779 eV; 416.35 nm; f=0.1228    
     230 -> 235       -0.16209 
     231 -> 236        0.44615 
     232 -> 235        0.23556 
     233 -> 237        0.44476 
Excited State 8:  Singlet-A; 3.0539 eV; 405.98 nm; f=0.2957    
     231 -> 236       -0.42131 
     232 -> 235       -0.17123 
     233 -> 237        0.51224 
     233 -> 239       -0.10091 
Excited State 9:  Singlet-A; 3.4744 eV; 356.85 nm; f=0.4237    
     225 -> 234       -0.15552 
     229 -> 234       -0.21152 
     230 -> 235       -0.13796 
     232 -> 238        0.23611 






Excited State 1:  Singlet-A; 2.0915 eV; 592.81 nm; f=0.0063    
     277 -> 281        0.20896 
     278 -> 281       -0.44702 
     279 -> 281        0.49822 
 Excited State 2:  Singlet-A; 2.5097 eV; 494.03 nm; f=0.0019    
     277 -> 280       -0.35979 
     278 -> 280       -0.36854 
     279 -> 280        0.46138 
 Excited State 3:  Singlet-A; 2.5338 eV; 489.31 nm; f=0.0016    
     277 -> 281       -0.29462 
     278 -> 281        0.39453 
     279 -> 281        0.49080 
 Excited State 4:  Singlet-A; 2.6771 eV; 463.13 nm; f=1.5955    
     279 -> 282        0.69602 
 Excited State 5:  Singlet-A; 2.8476 eV; 435.40 nm; f=0.0080    
     275 -> 280       -0.11870 
     277 -> 280        0.51502 




Excited State 1:  Singlet-A; 1.2022 eV; 1031.29 nm; f=0.0015    
     207 ->209         0.66903 
     208 ->210        -0.21835 
 Excited State 2:  Singlet-A; 1.2650 eV; 980.11 nm; f=0.0325    
     207 ->209         0.21872 
     208 ->210         0.66754 
 Excited State 3:  Singlet-A; 1.3337 eV; 929.65 nm; f=0.0063    
     207 ->210         0.70312 
 Excited State 4:  Singlet-A; 2.1079 eV; 588.18 nm; f=0.0004    
     206 ->209         0.69652 
 Excited State 5:  Singlet-A; 2.1955 eV; 564.72 nm; f=0.0003    
     205 ->209         0.69946 
 Excited State 6:  Singlet-A; 2.2638 eV; 547.69 nm; f=0.0018    
     206 ->210         0.69732 
 Excited State 7:  Singlet-A; 2.3606 eV; 525.22 nm; f=0.0028    
     205 ->210         0.69961 
 Excited State 8:  Singlet-A; 2.4567 eV; 504.68 nm; f=0.0003    






Excited State 1:  Singlet-A; 0.3824 eV; 3241.90 nm; f=0.1591    
     233 -> 234        0.44119 
     233 -> 235        0.64904 
     233 <- 234       -0.24373 
     233 <- 235       -0.23516 
 Excited State 2:  Singlet-A; 0.7380 eV; 1680.00 nm; f=0.0009    
     232 -> 234        0.67561 
     232 -> 235       -0.14458 
 Excited State 3:  Singlet-A; 0.8485 eV; 1461.15 nm; f=0.0133    
     232 -> 234        0.15520 
     232 -> 235        0.68514 
 Excited State 4:  Singlet-A; 1.3146 eV; 943.16 nm; f=0.0020    
     230 -> 234       -0.25370 
     231 -> 234        0.63065 
     232 -> 234       -0.11953 
 Excited State 5:  Singlet-A; 1.4010 eV; 884.99 nm; f=0.0174    
     230 -> 235       -0.23814 
     231 -> 235        0.63479 
     233 -> 236        0.13737 
 Excited State 6:  Singlet-A; 1.4786 eV; 838.51 nm; f=0.0008    
     230 -> 234        0.64175 
     231 -> 234        0.27367 
 Excited State 7:  Singlet-A; 1.5536 eV; 798.04 nm; f=0.0053    
     230 -> 235        0.63871 
     231 -> 235        0.27056 
 Excited State 8:  Singlet-A; 1.6216 eV; 764.60 nm; f=0.3237    
     230 -> 235        0.13293 
     233 -> 236        0.68088  
 Excited State 9:  Singlet-A; 1.8098 eV; 685.07 nm; f=0.0011    
     229 -> 234        0.68109 
     229 -> 235        0.10011 
 Excited State 10:  Singlet-A; 1.8761 eV; 660.87 nm; f=0.0002    
     228 -> 234        0.65273 




Excited State 1:  Singlet-A; 0.2960 eV; 4187.95 nm; f=0.0929    
     279 -> 280        0.61049 
     279 -> 281        0.60261 
     279 <- 280       -0.48473 
 Excited State 2:  Singlet-A; 0.5211 eV; 2379.24 nm; f=0.0436   
     278 -> 280        0.68869 
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     279 -> 280        0.13393  
 Excited State 3:  Singlet-A; 0.7447 eV; 1664.80 nm; f=0.0101   
     278 -> 281        0.69605 
 Excited State 4:  Singlet-A; 0.9308 eV; 1331.98 nm; f=0.0010   
     277 -> 280        0.69668 
 Excited State 5:  Singlet-A; 1.1913 eV; 1040.76 nm; f=0.0001   
     277 -> 281        0.69775 
 Excited State 6:  Singlet-A; 1.2536 eV; 989.00 nm; f=0.0068   
     274 -> 280       -0.19375 
     275 -> 280       -0.23448 
     276 -> 280        0.62061  
 Excited State 7:  Singlet-A; 1.4445 eV; 858.31 nm; f=0.0005   
     275 -> 280        0.64671 
     276 -> 280        0.27299  
 Excited State 8:  Singlet-A; 1.5170 eV; 817.32 nm; f=0.0080   
     274 -> 281       -0.19059 
     275 -> 281       -0.23612 
     276 -> 281        0.62008  
 Excited State 9:  Singlet-A; 1.6251 eV; 762.95 nm; f=0.0027   
     272 -> 280       -0.10934 
     273 -> 280        0.15043 
     274 -> 280        0.63506 
     275 -> 280       -0.14786 
     276 -> 280        0.16736  
 Excited State 10:  Singlet-A; 1.7250 eV; 718.74 nm; f=0.0003   
     275 -> 281        0.64275 








Figure S6.1 Upper: Simplified monomer S5 for DFT calculation; bottom: Optimized 




Table S6.1 The corrected Zero Point Vibrational Energies (ZPE) and Proton Affinities (PA) 
calculated by G09 at different sites of S5. 
Entry Scaled ZPE (au) PA (kcal/mol) 
Site 1 0.6447 231.0 
Site 2 0.6456 244.6 
Site 3 0.6454 243.3 
Site 4 0.6440 231.2 





Figure S6.2 Upper: Simplified monomer S1 for DFT calculation; bottom: Optimized 




Figure S6.3 Upper: Simplified monomer S2 for DFT calculation; bottom: Optimized 





Figure S6.4 Upper: Simplified monomer S3 for DFT calculation; bottom: Optimized 
structures of frontier molecular orbitals for model compounds S3 in their neutral and 
protonated states. 
 






Table S7.1 The corrected Zero Point Vibrational Energies (ZPE) and Proton Affinities (PA) 
calculated by G09 and DMOL calculated Proton Affinities (PA) at different sites of M2. 
Entry G09: scaled ZPE (au) G09: PA (kcal/mol) DMOL : PA (kcal/mol) 
Site 1 0.3297 210.0 218.6 
Site 2 0.3314 233.1 238.4 
Site 3 0.3299 217,2 225.5 
Site 4 0.3310 225.2 232.1 
Site 5 0.3311 222.5 228.7 
 
 
Figure S7.1 Optimized structures of frontier molecular orbitals (HOMO-1 and LUMO+1) for 
model compounds M1 in their neutral and protonated states. 
 
